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FOREWORD 


The  Analytical  and  Experimental  Aircraft  Antiskid  Analysis 
Verification  and  Refinement  work  reported  herein  was  performed 
by  the  Fort  Worth  Operation  of  General  Dynamics  Convair  Aerospace 
Division  under  U.  S.  Air  Force  Contract  F33615-7JL-C-1109.  The 
contract  was  initiated  under  Project  No.  1369,  "Mechanical  Systems 
for  Advanced  Flight  Vehicles,"  and  Task  No.  136901,  "High  Perfor¬ 
mance  Landing  Gear."  This  program  was  administered  under  the 
direction  of  the  Air  Force  Flight  Dynamics  Laboratory.  Mr.  Paul  M. 
Wagner  (AFFDL/FEM)  was  the  Air  Force  Project  Engineer. 

This  report  describes  work  conducted  during  the  period  from 
December  1970  thru  April  1973.  The  Convair  Project  Leader  was 
R.  C.  Churchill  and  B.  H.  Anderson  was  the  principal  investigator. 
The  design  and  installation  of  the  verification  test  set-up  and 
overhead  load  carriage  fixture  on  the  AFFDL  Landing  Gear  Test 
Facility  at  Wright-Patterson  AFB.  Ohio  was  accomplished  by 
Mr.  J.  F.  Maverick  and  Mr.  W.  I.  Streiff.  Mr.  W.  C.  Kreger 
formulated  some  of  the  mathematical  models.  Digital  computer 
programing  was  performed  by  Mr.  C.  W.  Austin,  Mrs.  L.  J.  Schnacke 
and  Mr.  J.  D.  Price. 

The  author  wishes  to  thank  Mr.  Wagner  for  his  guidance  and 
assistance  throughout  the  program.  The  generous  assistance  and 
cooperation  of  AFFDL  Landing  Gear  Test  Facility  personnel  and 
members  of  the  Systems  Research  Laboratories,  Inc.,  during  the 
Verification  Test  Phase  of  the  program  is  appreciated.  This 
report  was  submitted  by  the  author  in  June  1973. 
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ABSTRACT 


A  program  for  verifying  and  refining  a  previously 
developed  aircraft  antiskid  performance  and  system  compati¬ 
bility  analysis  procedure  is  described*  Analysis  verifica¬ 
tion  was  performed  by  comparing  antiskid  system  operation  as 
predicted  by  the  analytical  procedures  with  that  recorded 
during  laboratory  testing.  The  laboratory  tests  were  con¬ 
ducted  at  the  Air  Force  Flight  Dynamics  Laboratory  Landing 
Gear  Test  Facility  at  Wrlght-Patterson  Air  Force  Base,  Ohio 
using  a  set-up  consisting  of  F-lll  aircraft  main  landing 
gear,  tire,  wheel,  brake,  hydraulic  brake  actuation  system 
and  several  antiskid  control  circuit  variations.  The  air¬ 
craft  landing  gear  equipment  was  mounted  in  a  support 
fixture  with  movable  load  carriage  installed  over  the  192 
inch  diameter  brake  test  dynamometer.  Analytical  refinement 
consisted  of  modifying  the  mathematical  equations  describing 
antiskid  operations  to  enhance  computation  economy  and  more 
accurately  agree  with  test  results.  A  discussion  or  para¬ 
meters  influencing  antiskid  operation  is  presented.  Pre¬ 
liminary  design  of  components  for  a  fluidic  controlled 
pneumatic  brake  actuation  system  is  described. 
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A.  OBJECTIVE 


SECTION  I 
INTRODUCTION 


The  objectives  of  this  program  as  stated  in  the  contract 
statement  of  work  are:  (I)  to  verify,  correlate  and  refine  the 
Aircraft  Antiskid  Performance  -  Total  System  Compatibility 
Analysis  Procedures  previously  developed  under  U.S.  Air  Force 
Contract  F33615-70-C-1004  and  as  described  in  AFFDL-TR- 70-128, 
and  (2)  to  establish  the  feasibility  of  a  fluidic-controlled 
pneumatic  braking  system. 

B.  SCOPE 


This  program  for  Aircraft  Antiskid  Pe*  formance  -  Total  System 

Compatibility  Analysis  Verification,  Correlation  and  Refinement 

consisted  of  the  following: 

(1)  A  total  system  verification  test  set-up  was  designed, 
fabricated  and  installed  in  the  AFFDL  Landing  Gear  Test 
Facility,  Building  31,  Area  B,  Wright-Patterson  Air  Force 
Base,  Ohio.  The  test  set-up  is  comprised  of:  (a)  a  struc¬ 
tural  steel  framework  attached  to  the  192  inch  diameter 
inertia  dynamometer,  (b)  a  movable  load  carriage  supported 
by  the  framework  and  providing  simulated  aircraft  landing 
gear  fuselage  attachment  provisions,  (c)  a  carriage  loading 
and  positioning  system,  (d)  one  F-lll  main  landing  ge^r 
tire -wheel- brake  assembly  assembled  with  the  required  air¬ 
craft  landing  gear  structural  components  to  complete  an 
installation  the  same  as  that  for  the  aircraft  left  wheel 
installation,  (e)  a  mockup  of  the  aircraft  hydraulic  brake 
actuation  and  control  system  including  pilot's  metering 
valve,  accumulator,  lines  and  fittings,  (f)  antiskid  control 
circuits,  an  F-lll  antiskid  valve  and  wheel  speed  sensing 
unit  and  (g)  instrumentation  and  recording  equipment  needed 
to  measure  and  record  parameter  variations  significant  to 
antiskid  operation. 

(2)  Verification  testing  consisting  of  a  number  of  braked  stops 
was  performed  utilizing  the  total  system  verification  test 
set-up  for  thirty-six  test  conditions  having  various  com¬ 
binations  of  landing  gear  loading,  antiskid  control  circuit 
type,  two  different  tire  sizes,  various  tire  inflation  pres¬ 
sures  and  various  amounts  of  hydraulic  brake  actuation  system 
flow  restriction.  During  these  stops  the  following  parameters 


were  measured  and  recorded  with  respect  to  time:  dynamometer 
flywheel  speed  and  distance,  braked  wheel  speed,  hydraulic 
pressure  at  the  brake  and  at  the  antiskid  valve  inlet,  brake 
torque,  radial  and  tangential  forces  between  the  tire  and 
dynamometer  flywheel  and  antiskid  valve  electrical  signal. 

(3)  The  results  from  some  of  the  total  system  verification  test 
runs  were  compared  with  analytically  predicted  parameter 
variations  obtained  from  the  antiskid  performance  and  total 
system  compatibility  analysis  procedures. 

(4)  The  Antiskid  Performance  and  Total  System  Compatibility 
Analysis  procedures  have  been  refined  to  enhance  computation 
economy  and  to  achieve  agreement  with  verification  test 
results. 

(3)  Components  for  a  fluidic-controlled  pneumatic  braking  system 
for  operation  with  and  skid  control  of  an  F-lll  wheel/brake 
assembly  have  been  designed.  A  comparison  of  fluidic  to 
conventional  brake  control  systems  has  been  formulated. 

C.  BACKGROUND 

The  characteristics  of  modem  high  performance  airplanes  are 
such  that  there  are  many  occasions  where  the  pilot  is  very  dis¬ 
advantageous^  situated  for  perceiving  the  amount  of  wheel  brake 
force  which  can  be  applied  without  causing  tire  skidding.  Because 
of  high  airplane  ground  speeds  required  for  takeoff  or  landing, 
relatively  high  wheel  braking  forces  are  frequently  necessary  for 
controlling  the  vehicle's  velocity  within  the  available  runway 
distance.  Since  a  relatively  short  duration  tire  skid  at  high 
speed  may  result  in  a  blowout  with  consequent  severe  damage  to 
other  aircraft  components  or  may  cause  loss  of  directional  con¬ 
trol,  experience  has  established  that  a  wheel  brake  antiskid 
feature  is  required  for  safe  and  predictable  aircraft  operation. 

Figure  1  is  a  block  diagram  showing  the  typical  arrangement 
of  an  aircraft  landing  gear  wheel  brake  system  and  the  relationship 
between  the  various  elements  within  the  total  vehicle  system.  The 
brake  system  functions  to  inhibit  wheel  rotation  in  response  to 
pilot  command  so  that  a  force  opposing  aircraft  motion  is  produced 
between  the  tires  and  runway  surface.  Most  modem  military  air¬ 
craft  are  equipped  with  hydraulically  actuated  disc  type  brakes 
controlled  by  a  full  power  brake  control  system  which  also  incor¬ 
porates  an  automatic  antiskid  feature  as  shown. 


2 


Figure  1  Aircraft  Antiskid  Arrangement  Block  Diagram 


The  antiskid  function  is  accomplished  by  a  group  of  components 
which  automatically  detect  and  alleviate  incipient  tire  skidding 
by  controlling  brake  torque.  An  incipient  skid  is  alleviated  by 
temporarily  reducing  brake  torque  to  a  value  less  than  the  torque 
being  produced  by  the  friction  force  at  the  tire-runway  interface. 
Brake  torque  reduction  is  sustained  for  a  time  interval  suf¬ 
ficiently  long  to  allow  the  wheel  to  regain  speed.  After  the 
wheel  has  regained  speed,  brake  torque  increase  is  initiated. 

Since  brake  torque  is  produced  by  applying  fluid  pressure  to  the 
brake  actuating  cylinders,  torque  is  controlled  indirectly  by 
controlling  actuation  pressure. 

Antiskid  system  components  usually  consist  of  wheel  speed 
sensing  units,  antiskid  control  elements  and  antiskid  brake  torque 
control  valves.  For  clarity.  Figure  1  shows  the  arrangement  of 
an  aircraft  having  a  tricycle  landing  gear  arrangement  with  single 
wheel  main  gear  configuration.  For  airplanes  having  multiple 
wheeled  landing  gears  and/or  multiple  landing  gears,  the  same  basic 
arrangement  prevails  with  the  addition  of  additional  similar  type 
components  as  appropriate. 

The  reduction  and  subsequent  reapplication  of  brake  torque 
results  in  an  oscillatory  braking  force  being  applied  to  the  air¬ 
plane.  This  oscillatory  force  has  the  potential  for  causing 
adverse  dynamic  loading  of  the  airplane  structure,  for  causing 
directional  control  difficulty  and  for  degrading  the  aircraft* s 
stopping  performance.  The  need  for  evaluating  antiskid  operation 
to  predict  the  effects  of  the  potentially  deleterious  oscillatory 
braking  force  is  now  recognized  because  there  have  been  a  number 
of  instances  where  failure  to  do  so  has  resulted  in  severe 
operational  difficulty  and  in  some  cases  catastrophic  landing 
gear  failure. 

The  overall  resultant  effects  of  antiskid  operation  are 
dependent  upon  the  characteristics  of  the  antiskid  equip aent 
components  along  with  the  characteristics  of  the  airplane  and 
many  of  its  other  systems  as  well  as  the  operating  environment 
into  which  the  vehicle  is  placed.  If  during  the  airplane's  usage, 
within  its  intended  operating  envelope  instances  of  unsafe  condi¬ 
tions  resulting  from  antiskid  operation  frequently  occur,  the 
braking  system  is  deficient  with  respect  to  the  attempted  opera¬ 
tional  circumstances  and  is  relatively  unacceptable.  Braking 
system  deficiencies  are  caused  by  incompatibilities  within  the 
overall  vehicle  system  which  result  in  antiskid  operation  being 
different  than  was  intended  or  which  result  in  the  practically 
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achievable  braking  effectiveness  being  incorrectly  predicted* 

These  incompatibilities  result  from  inadequate  consideration  of 
significant  design  parameters  or  of  the  aircraft's  required 
operating  environment* 

It  is  intended  that  the  analytical  techniques  described 
herein  be  used  for  establishing  the  influence  of  the  individual 
total  vehicle  system  elements  upon  antiskid  operation.  The 
behavior  of  each  equipment  item  can  thereby  be  established  or 
its  performance  requirements  defined  so  that  the  relative  compati¬ 
bility  between  individual  elements  and  between  equipment  items  and 
basic  aircraft  characteristics  can  be  determined.  Whenever  the 
practically  achievable  performance  for  each  equipment  item  is 
established  considering  the  applicable  prevailing  cost,  weight, 
volume  cr  other  inherent  physical  property  restraints,  the  overall 
system  can  then  be  evaluated  with  respect  to  the  braking  system 
equipment's  acceptability  and  proper  utilization. 

As  with  any  system  or  device  the  degree  to  which  a  braking 
system  or  one  of  its  components  may  be  adjudged  acceptable  is 
established  by  how  well  it  operates  to  provide  the  performance 
expected  without  causing  any  trouble.  Therefore,  it  is  evident 
that  the  braking  system  equipment's  acceptability  for  a  particular 
usage  is  influenced  by  how  well  expectation  is  tempered  with  reason 
and  judgement.  For  instance,  it  is  possible  that  some  aerodynamic 
or  other  vehicle  characteristic  prevents  achievement  of  the  desired 
or  expected  wet  runway  stopping  performance  with  any  conceivable 
antiskid  equipment  configuration.  If  experiencing  this  type  of 
disappointing  circumstance  is  to  be  avoid  the  expected  braking 
system  effectiveness  must  be  established  from  basic  material  pro¬ 
perties  and  proven  fundamental  principles  which  have  been  verifie  . 
by  substantial  experimental  evidence  rather  than  from  optimistic 
estimates  or  unsupported  claims.  The  antiskid  analysis  techniques 
utilized  during  this  program  may  be  employed  for  such  realistic 
establishment  of  braking  system  effectiveness.  The  following  dis¬ 
cussion  of  some  fundamental  aspects  of  antiskid  operation  and 
antiskid  evaluation  is  presented  to  help  establish  a  rational 
basis  for  applying  the  analysis  procedure. 

The  dominant  factor  Influencing  the  operation  of  an  antiskid 
brake  control  system  is  the  well  known  characteristic  behavior  of 
a  rolling  tire  while  being  subjected  to  braking  forces.  This 
characteristic  behavior,  as  shown  on  Figure  2  ,  is  that  as  a 
small  braking  force  is  applied  an  apparent  slippage  develops  be¬ 
tween  the  tire  and  contacing  surface.  This  apparent  slippage  is 
evidenced  by  the  wheel  angular  velocity  being  less  than  the 
synchronous  angular  velocity  by  an  amount  proportional  to  the 
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©ZONE  OF  NO  TIRE  FOOTPRINT  SLIPPAGE 
©ZONE  OF  INCREASING  TIRE  FOOTPRINT  '.IPPAGE 
APPARENT  WHEEL  SLIPPAGE  -  Xa 
WHERE: 

XA  =  AXLE  TRANSLATIONAL  VELOCITY 
Q*f  -  WHEEL  ANGULAR  VELOCITY 
fd  -  TIRE  UNBRAKED  APPARENT  ROLLING  RADIUS 


Figure  2  Pneumatic  Tire  Slippage  Versus 
Braking  Force  Characteristic 
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the  braking  force.  The  tire  synchronous  angular  velocity  is  the 
value  which  results  from  unbraked  rolling.  The  initial  apparent 
slippage  proportional  to  the  braking  force  occurs  without  appre¬ 
ciable  relative  motion  between  the  tire  footprint  and  contacting 
surface  because  of  elastic  deformations  within  the  tire.  If  an 
increase  in  the  braking  force  to  a  value  exceeding  the  maximum 
achievable  for  prevailing  friction  conditions  is  attempted,  an 
actual  slippage  between  the  tire  footprint  and  contacting  surface 
results.  When  the  tire  footprint  is  actually  sliding  relative  to 
the  contacting  surface  the  friction  coefficient  decreases  as 
sliding  velocity  increases  which  is  the  usual  case  with  any  two 
sliding  objects. 

When  the  characteristics  of  the  braking  force  -  slippage 
relationship  are  considered  while  examining  the  equation  of  the 
tire's  angular  motion  with  applied  brake  torque  as  shown  by 
Figure  3,  it  can  be  seen  that  when  the  applied  brake  torque  is 
less  than  the  available  friction  torque,  a  friction  torque  equal 
and  opposite  to  the  brake  torque  will  develop  by  the  tire 
increasing  its  slippage  along  the  positive-slope  portion  of  the 
characteristic  relationship.  If  the  applied  brake  torque  is 
increased  or  if  the  tire-to-ground  friction  force  potential 
decreases  so  that  a  condition  occurs  where  the  brake  torque  ex¬ 
ceeds  the  available  friction  torque,  tire  slippage  will  increase 
into  the  negative-slope  region  of  the  brake  force  -  slippage 
characteristic  variation  resulting  in  an  unstable  ever  increasing 
negative  wheel  angular  acceleration.  A  full  skid  will  result  if 
the  brake  torque  is  not  quickly  reduced  to  some  value  less  than 
the  instantaneous  friction  torque  so  that  a  positive  wheel  angular 
acceleration  is  produced  causing  the  wheel  to  regain  speed.  To 
satisfactorily  control  brake  torque  an  antiskid  system  must  be 
capable  of  distinguishing  between  a  tire's  slippage  in  the  stable 
or  unstable  condition. 

Several  control  concepts  and  a  number  of  different  type 
devices  for  implementing  some  of  these  concepts  have  been  used 
for  antiskid  brake  control.  Because  of  very  competitive  market 
conditions  and  the  achievement  of  relatively  acceptable  perfor¬ 
mance,  practically  all  of  the  antiskid  systems  in  current  general 
usage  are  of  the  class  previously  described  in  Figure  1  .  These 
systems  measure  a  braked  wheel's  speed,  compare  the  measured  speed 
magnitude  and/or  rate  of  change  to  an  "index-of-acceptability", 
and  control  brake  torque  according  to  the  results  of  the  compari¬ 
son.  The  primary  differences  between  systems  supplied  by  different 
airframe  or  antiskid  equipment  manufacturers  is  the  "index-of- 
acceptability"  utilized  and  the  methods  by  which  it  is  established. 
The  usual  "index-of-acceptability"  is  the  amount  of  wheel  slippage 
or  the  rate  of  increase  in  wheel  slippage. 
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/B  *  Brake  torque 

f6tm  Radial  force  on  tire  from  ground 
Fg  ■  Braking  force  Fg£ 

Fa* “  Vertical  force  on  wheel  from  axle 
Faa1*  Horizontal  force  on  wheel  from  axle 
Fa  *  Height  of  axle  above  ground 

jU.  *  Friction  coefficient  between  the  footprints  and  ground 
*  Tire-wheel  assembly  mass  moment  of  inertia 
X/t  “  Horizontal  axle  displacement 
Xa  m  Horizontal  axle  velocity 
Wheel  angular  displacement 
Wheel  angular  velocity 
Wheel  angular  acceleration 

Equation  of  wheel  angular  motion:  Jw “  F& Hb 


Figure  3  Braked  Wheel  Forces 
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Evaluating  antiskid  braking  system  performance  and 
compatibility  is  aided  by  examining  the  physical  operating 
characteristics  of  the  applicable  braking  system  equipment  in 
the  typical  arrangement  as  shown  schematically  in  Figure  4.  The 
elements  shown  are:  the  pilot's  metering  valve,  antiskid  control 
valve,  brake  actuation  cylinder,  interconnecting  fluid  trans¬ 
mission  lines  with  their  flow  resistances,  brake  discs,  wheel 
and  tire  assembly,  antiskid  wheel  speed  sensor  device  and  antiskid 
control  circuit  elements*  The  typical  antiskid  valve  is  a  two 
element  device  having  a  control  pressure  producing  first  stage 
and  a  second  stage  power  spool  which  controls  the  direction  which 
fluid  may  flow  thru  the  valve.  Several  different  type  first  stage 
devices  may  be  used  and  the  range  over  which  control  pressure 
varies  depends  upon  the  type.  Figure  4  shows  the  type  where 
control  pressure  varies  over  the  entire  range  between  inlet  port 
pressure  and  return  port  pressure.  For  other  type  first  stage 
devices  having  different  ranges  of  control  pressure  variation, 
the  second  stage  spool  areas  upon  which  the  control  and  brake 
port  pressures  act  are  sized  so  that  a  proper  force  balance  is 
achieved.  The  antiskid  valve  operating  principles  are  similar 
whichever  type  first  stage  type  is  used. 

Figure  4  shows  the  antiskid  valve  second  stage  in  the 
position  for  no  antiskid  control  signal  such  that  the  fluid 
pressure  as  commanded  by  the  pilot's  pedal  position  is  trans¬ 
mitted  to  the  brake.  The  antiskid  valve  first  stage  produces 
a  control  pressure  as  a  function  of  the  antiskid  valve  control 
signal  and  inlet  pressure.  The  control  pressure  is  equal  to 
antiskid  valve  inlet  pressure  with  zero  antiskid  valve  input 
signal  and  the  control  pressure  is  decreased  as  the  valve  signal 
increases.  If  the  antiskid  control  valve  input  signal  is  in¬ 
creased  the  reduction  in  first  stage  control  pressure  imposes  a 
pressure  unbalance  upon  the  second  stage  spool  thereby  causing 
spool  movement  to  a  position  which  allows  fluid  flow  out  of  the 
brake  cylinder  to  return.  As  the  antiskid  valve  brake  port  pre- 
sure  becomes  equal  to  the  first  stage  control  pressure,  the 
pressure  balance  on  the  second  stage  spool  causes  it  to  be 
repositioned  to  shut  off  fluid  flow.  Whenever  the  antiskid 
valve  input  signal  is  reduced,  first  stage  control  pressure 
increases  to  cause  an  opposite  pressure  unbalance  in  the  second 
stage  which  results  in  the  spool  being  positioned  to  allow  fluid 
flow  from  the  pilot's  metering  valve  to  the  brake  cylinder  until 
a  new  pressure  balance  is  achieved. 

A  typical  aircraft  brake  has  a  characteristic  cylinder 
pressure  versus  fluid  volume  relationship  and  a  characteristic 
cylinder  pressure  versus  torque  relationship  as  shown  on  Figure  5. 


BRAKE  SYSTEM  HYDRAULIC 
PRESSURE  SOURCE 


Figure  4  TYPICAL  BRAKE  CONTROL/ANTISKID  FLUID  POWER  SYSTEM 
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Figure  5  Typical  Brake  Characteristics 


For  occasions  where  Che  antiskid  control  circuit  commands  brake 
torque  to  be  increased  or  decreased  by  changing  the  antiskid  valve 
control  signal,  some  amount  of  time  must  elapse  during  which  suf¬ 
ficient  fluid  flow  occurs  to  produce  the  change  in  brake  cylinder 
volume  corresponding  with  the  required  change  in  cylinder  pressure. 
When  changing  brake  cylinder  pressure,  the  fluid  flow  rate  at  each 
instant  is  established  by  the  difference  between  brake  cylinder 
pressure  and  the  system  source  pressure  for  brake  application  or 
by  the  difference  between  brake  cylinder  pressure  and  system 
return  pressure  for  brake  release  and  the  combined  resistance  of 
the  applicable  fluid  flow  path.  Since  the  antiskid  valve  is  a 
mechanical  device  which  must  be  positioned  to  permit  fluid  flow 
in  the  proper  direction,  some  finite  (usually  small)  time  interval 
is  required.  Consequently,  it  must  be  recognized  that  the  brake 
actuation  system  flow  resistances,  the  antiskid  valve  dynamic  res¬ 
ponse  characteristics  and  the  brake's  characteristics  have  a  very 
significant  influence  upon  brake  torque  dynamic  response  to  anti¬ 
skid  valve  input  control  signals.  In  addition,  the  antiskid 
wheel  speed  sensing  element  and  the  control  circuit  elements 
usually  have  characteristics  which  result  it.  the  instantaneous 
values  of  the  various  signals  lagging  actual  turrences  by  some 
small  amount.  The  relative  compatibility  of  c  /  i  brake  actuation 
and  control  loop  is  established  by  how  well  the  antiskid  control 
element's  characteristics  are  matched  to  the  prevailing  conditions 
of  actuation  fluid  flow  resistance,  brake  pres sure- volume  and 
pressure  torque  characteristics,  and  the  dynamic  response  charac¬ 
teristics  of  the  tire  and  wheel  brake  supporting  structure. 

Antiskid  control  has  a  cyclic  nature  because  it  involves 
detecting  that  braked  wheel  slippage  has  progressed  from  a  stable 
condition  to  an  unstable  condition  with  subsequent  brake  torque 
adjustment  in  a  manner  such  that  wheel  slippage  returns  to  the 
stable  condition.  Figure  5  describes  the  sequential  events  which 
occur  and  the  relative  variation  of  wheel  speed,  brake  torque  and 
friction  torque  during  a  typical  antiskid  cycle.  To  emphasize 
the  various  events  and  fundamental  characteristic  variations,  the 
magnitude  and  rate  of  the  parameter  changes  shown  have  been 
arbitrarily  assigned  and  are  not  intended  to  represent  any  specific 
case.  The  occurrences  during  the  time  intervals  between  events 
shown  on  Figure  5  are  as  follows: 

TIME 

INTERVAL  OCCURRENCES 

t0-ti  Brace  torque  increases  and  wheel  angular  velocity 

decreases  in  the  stable  region  of  the  brake  force  -  tire 
slippage  characteristic  producing  an  equal  and  opposite 
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|— - ANTISKID  CYCLE  PERIOD - 

PARAMETERS 

0 

<g>  Wheel  synchronous  angular^  velocity XVRe 
®  Wheel  angular  velocity  &\ a/ 

(Q)  Applied  brake  torque  7^ 

©  Maximum  available  friction  torque  Ji  max 
<g)  Achieved  friction  torque  “  ^  &GR 

EVENTS 

tQ  -  Instant  brake  application  is  initiated 
tx  -  Instant  when  applied  brake  torque  equals  maximum 
available  friction  torque 

t2  -  Instant  of  incipient  skid  detection  i.e.,  wheel 
alippage  or  slippage  rate  becomes  equal  to  skid 
detection  threshold 

t3  -  Instant  brake  torque  increase  ceases  (either  because  of 
brake  torque  reaching  its  applied  value  or  because  of 
skid  control  action  preceding  torque  reduction) 
t4  -  Instant  brake  torque  reduction  is  initiated 
t5  -  Instant  brake  torque  equals  friction  torque  and  wheel 
negative  acceleration  ceases 

t$  -  Instant  wheel  angular  velocity  has  regained  the  required 
portion  of  its  Initial  value  (value  at  t2)  to  cause 
initiation  of  brake  reapplication,  i.e,,  skid  recovery 
signal  threshold 

t7  -  Instant  brake  application  is  initiated  for  next  antiskid 
cycle 


Figure  6  Antiskid  Cycle  Events 


friction  torque  until  the  maximum  available  friction 
torque  is  achieved  at  t^.  Brake  torque  increase  rate 
is  controlled  by  the  brake,  brak?  actuation  control 
system  (hydraulic  flow  restriction)  and  skid  control 
system  characteristics. 

t^-t2  Brake  torque  continues  to  increase  producing  increasing 
negative  wheel  acceleration  into  the  unstable  region  of 
the  brake  force  *  tire  slippage  characteristic  until 
wheel  slippage  or  slippage  increase  rate  reaches  the 
skid- detect ion  threshold. 

t2*t3“t4  Bralce  torque  increase  continues  until  it  is  terminated 
by  either  (a)  the  torque  reaching  the  value  commanded 
or  (b)  skid  control  system  terminates  the  torque  in¬ 
crease  in  preparation  for  torque  reduction.  Friction 
torque  and  wheel  speed  continue  to  decrease  (total 
interval  may  be  called  skid  control  reaction  time) . 

t^-t^  Brake  torque  decreases  at  a  rate  controlled  by  the 
brake,  brake  actuation  system  and  antiskid  control 
characteristics.  Friction  torque  continues  to  decrease 
as  wheel  slippage  increases.  Wheel  speed  decreases  to 
its  minimum  value. 

t^-tg  Brake  torque  decreases  until  it  becomes  zero  or  until 

antiskid  control  system  initiates  brake  torque  increase. 
Wheel  speed  increases  from  its  minimum  value  to  an 
amount  required  to  initiate  brake  torque  increase  (skid 
recovery  signal) • 

tg-t^  Reaction  time  of  the  brake,  brake  actuation  system  and 
antiskid  system  between  skid  recovery  signal  and 
initiation  of  brake  torque  increase. 

Figure  6  provides  a  graphic  means  for  examining  and  evaluating 
the  two  most  significant  affects  of  antiskid  cycling  -  the  average 
braking  force  achieved  (wheel  braking  system  effectiveness)  and 
the  characteristics  of  dynamic  forces  being  applied  tc  the  wheel 
supporting  structure.  From  Figure  6  it  can  be  seen  that:  the 
fundamental  frequency  of  applied  dynamic  loading  is  established 
by  the  antiskid  cyclic  period  (i.e.,  time  interval  tQ  -ty),  and 
assuming  constant  aircraft  velocity  during  the  cycle,  the  average 
braking  force  achieved  is  proportional  to  the  area  under  the  curve 
of  friction  torque  versus  time  divided  by  the  cyclic  period. 


The  dynamic  loading  and  average  achieved  brake  force  are  not 
independent  of  each  other  but  rather  have  a  very  complex 
interrelationship  influenced  by  antiskid  component  and  other 
brake  system  equipment  characteristics. 

An  examination  of  Figure  6  considering  the  parameters  shown 
and  the  effects  of  their  variation  with  respect  to  evaluating 
braking  system  performance  reveals  that  braking  effectiveness  is 
increased  by:  (a)  moderate  rates  of  brake  torque  increase, 

(b)  high  rates  of  brake  torque  decrease,  (c)  lower  values  of 
wheel  slippage  or  rate  of  wheel  slippage  increase  for  skid  detec¬ 
tion  threshold,  (d)  short  antiskid  system  reaction  time, 

(e)  smaller  amounts  of  excess  applied  brake  torque  and  (f)  least 
possible  fraction  of  initial  cycle  velocity  for  skid  recovery 
signal.  Since  most  of  the  above  tend  to  diminish  the  cyclic 
period.  Increased  antiskid  performance  usually  results  in  higher 
cyclic  frequency  potential. 

Some  particularly  important  aspects  of  antiskid  operation 
are  exemplified  by  Figure  7  which  shows  a  comparison  of  the 
characteristic  variation  in  braked  wheel  speed  and  braking  force 
(friction  torque)  throughout  an  antiskid  cycle  for  two  extreme 
circumstances: 

(a)  An  instance  where  the  applied  brake  torque  is  a  very  large 
percentage  greater  than  the  available  friction  torque  and 
the  available  friction  torque  is  low,  and 

(b)  An  instance  where  the  applied  brake  torque  is  a  small 
percentage  greater  than  the  available  friction  torque  and 
the  available  friction  torque  is  high. 

For  both  cases  the  interval  between  points  (2)  and  (3)  is  the 
time  consumed  by  the  required  antiskid  control  circuit  and  anti¬ 
skid  valve  actions,  the  interval  between  points  (§)  and  (4)  is 
the  time  required  for  sufficient  fluid  flow  from  the  brake 
cylinders  to  cause  brake  torque  reduction  by  an  amount  such  that 
equality  between  brake  torque  and  friction  torque  is  achieved, 
the  interval  between  points  (4)  and  (5)  is  the  time  required  for 
wheel  spinup  sufficiently  to  produce  a  skid  recovery  signal,  the 
interval  between  points  (5)  and  (6)  is  the  time  required  for  the 
antiskid  control  circuit  and  antiskid  valve  actions  plus  an  inter¬ 
val  required  for  sufficient  fluid  to  flow  such  that  the  brake 
discs  make  contact  if  the  brake  was  previously  released  to  a 
degree  for  disc  clearance  to  exist,  and  the  interval  between 
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CASE  (A) :  HIGH  BRAKE  TORQUE  -  LOW  AVAILABLE  FRICTION  TORQUE 


Brake  torque  application  to  an  amount  equal  to  instantaneous 
available  friction  torque 
Skid  detection 

Brake  torque  reduction  initiated 

Brake  torque  reduced  sufficiently  to  allow  wheel  decel  to 
cease  and  wheel  accel  to  begin 

Skid  recovery  signal  -  brake  reapplication  initiated 
Brake  torque  increase  starts 

Brake  reapplication  to  an  amount  equal  to  instantaneous 
available  friction  torque 


CASE  (B) :  HIGH  BRAKE  TORQUE  -  HIGH  AVAILABLE  FRICTION  TORQUE 


Figure  7  Comparison  of  Antiskid  Cycle  Conditions 
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joints  (6)  and  (7)  is  the  time  for  sufficient  fluid  flow  to  the 
brake  for  causing  brake  torque  increase  by  an  amount  such  that 
equality  between  brake  torque  and  friction  torque  is  again 
achieved. 

It  should  be  noted  that  the  time  interval  between  points  (D 
and  (3) is  approximately  the  same  for  both  cases  because  the  con* 
trol  circuit  and  antiskid  valve  consume  about  the  same  amount  of 
operating  time  for  any  circumstance  requiring  brake  pressure 
reduction.  Since  for  case  (a)  the  wheel  has  a  much  higher 
deceleration  rate  and  a  greater  pressure  reduction  must  be 
accomplished  to  prevent  skidding  with  resultant  greater  time 
being  consumed  for  removing  fluid  from  the  brake,  the  amount  of 
wheel  speed  departure  into  the  unstable  slippage  region  is  much 
greater.  These  factors  dong  with  the  slower  wheel  spinup  rate 
resulting  from  low  available  friction  torque  causes  brake  pressure 
reduction  to  be  sustained  for  a  longer  time  interval  during  which 
brake  fluid  volume  usually  decreases  to  an  extent  where  clearance 
is  produced  between  the  friction  surfaces.  Upon  brake  reappli¬ 
cation  a  greater  time  interval  is  then  required  for  replenishing 
the  brake  fluid  volume  to  produce  brake  torque.  The  overall 
resultant  effect  is  that  the  cyclic  period  for  case  (a)  is  greater 
than  for  case  (b)  and  the  average  braking  force  achieved  for 
case  (a)  is  a  smaller  fraction  of  the  maximum  braking  force  pro¬ 
duced  than  for  case  (b).  Therefore,  a  major  consequence  of 
antiskid  cycling  is  the  trend  toward  reducing  the  achievable 
fraction  of  the  instantaneous  peak  available  braking  force  for 
conditions  of  low  braking  force  potential  (i.e.,  intensify  the 
degradation  of  braking  system  effectiveness  for  conditions  of 
reduced  brake  force  potential).  This  inherent  characteristic  is 
unavoidable  whenever  any  relatively  "fixed  time"  elements  are 
part  of  the  control  loop.  The  degree  of  degradation  in  braking 
system  effectiveness  is  increased  for  larger  amounts  of  excessive 
brake  torque.  This  effect  can  be  minimized  if  upon  brake  appli¬ 
cation  the  brake  torque  is  reduced  to  more  closely  match  the 
available  friction  torque.  Modern  "modulated"  antiskid  systems 
accomplish  reduction  of  subsequent  brake  torque  reapplication  by 
using  a  servo  type  pressure  regulating  valve  and  providing  a 
relatively  slowly  varying  bias  signal  to  the  valve  drive  amplifier. 

From  the  preceding  discussion  it  can  be  established  that  the 
primary  objectives  of  any  brake  con trol /ant is kid  system  capable 
of  achieving  improved  performance  are:  (1)  to  minimize  the  occur¬ 
rence  of  antiskid  cycles  and  (2)  to  minimize  the  amount  of  wheel 
speed  departure  into  the  unstable  slippage  region  for  cases  where 
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cycling  does  occur.  The  degree  to  which  these  objectives  are 
accomplished  while  permitting  wheel  brake  application  so  as  to 
achieve  a  large  fraction  of  the  potentially  available  friction 
force  is  a  measure  of  the  system's  relative  acceptability. 

To  accomplish  its  purpose  an  antiskid  brake  control  system 
must  function  to  cause  a  braked  wheel's  motion  to  be  such  that 
the  relative  velocity  between  the  tire  footprint  and  the  ground 
is  minimized  for  as  much  of  the  time  as  possible.  An  examination 
of  the  factors  influencing  tire  footprint  relative  velocity 
reveals  that  the  relative  velocity  between  the  tire  footprint  and 
the  ground  is  equal  to  the  horizontal  velocity  of  the  axle  plus 
the  horizontal  velocity  of  the  footprint  relative  to  the  axle, 
and  that  the  horizontal  velocity  of  the  tire  footprint  relative 
to  the  axle  is  established  by  the  rate  of  tire  tread  circumferen- 
tial  and  radial  displacement  relative  to  the  wheel  and  the  wheel's 
angular  velocity  relative  to  the  axle.  At  any  instant  all  these 
velocity  components  are  established  by  the  relative  distribution 
of  elastic,  thermal  and  kinetic  er.ergy  resulting  from  the  cumula¬ 
tive  effects  of  the  externally  applied  forces  which  have  acted 
upon  the  tire-wheel  assembly  since  spit'-up  and  brake  application. 

As  shown  on  Figure  3  the  externally  applied  forces  acting 
upon  the  tire-wheel  assembly  are  ths  horizontal  and  vertical  force 
components  between  the  wheel  and  the  axle,  the  brake  torque,  the 
radial  force  between  the  tire  footprint  and  the  ground  and  the 
horizontal  friction  force  between  the  footprint  and  the  ground. 

The  runway  profile  along  with  the  individual  and  collective  elastic 
and  inertia  properties  of  the  tire,  wheel,  supporting  structure 
and  vehicle  influence  the  amount  and  nature  of  variations  in  radial 
ground  force  acting  upon  the  tire-wheel  assembly.  The  horizontal 
friction  force  acting  upon  the  tire-wheel  assembly  is  the  product 
of  the  tire-to-ground  radial  force  and  the  friction  coefficient 
which  in  turn  is  affected  by  tire  tread  material  elastic  and 
strength  properties  as  influenced  by  temperature  and  prior  exposure 
to  thermal  and  other  environmental  conditions,  the  nature  and 
quantity  of  any  contaminating  substances,  tire  inflation  pressure 
and  footprint  shape,  and  runway  surface  texture  in  addition  to 
tire  footprint  relative  velocity. 

When  braking  system  operation  is  examined  within  the  context 
of  the  total  vehicle  system  it  is  evident  that  the  antiskid  con¬ 
trol  elements  must  continually  adjust  brake  torque  in  an  attempt 
to  achieve  consonance  with  the  other  forces  acting  upon  the  tire 
wheel  assembly.  Since  the  forces  acting  upon  the  tire-wheel 
assembly  are  usually  quite  large  compared  to  tire  and  wheel 
inertia,  the  antiskid  system  must  accomplish  brake  torque 
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adjustment  very  rapidly.  Figure  8  shows  an  oscillograph  trace  of 
axle  vertical  force  component  and  brake  torque  recorded  during 
landing  of  an  F-111A  aircraft  on  the  main  runway  at  Edwards  AFB, 
California  under  dry  conditions.  This  information  was  recorded 
for  reasons  other  than  antiskid  system  evaluation;  however,  it 
shows  how  axle  vertical  load  variations  resulting  from  airplane 
bouncing  triggers  antiskid  operation  as  evidenced  by  brake  torque 
varying  in  an  attempt  to  follow  the  braking  force  potential.  The 
higher  frequency  component  of  brake  torque  oscillation,  at  approxi 
mately  8  HZ,  is  caused  by  antiskid  operation.  It  can  be  observed 
that  each  instance  of  large  brake  torque  reduction  corresponds 
with  an  instance  of  reduced  axle  vertical  force.  For  this  stop 
the  pilot  applied  constant  maximum  braking  during  the  interval 
shown.  For  any  type  airplane  with  any  type  antiskid  system, 
antiskid  cycling  triggered  by  a  sudden  reduction  in  braking  force 
potential  incurred  by  either  changes  in  tire-to-runway  friction 
coefficient  or  by  changes  in  radial  wheel  load  can  be  expected  to 
occur  whenever  the  brake  is  applied  with  sufficient  intensity. 

As  previously  stated,  the  frequency  and  magnitude  of  the 
oscillatory  braking  force  produced  by  antiskid  cycling  is  not 
independent  of  braking  system  effectiveness.  To  achieve  reason¬ 
ably  good  braking  performance  under  most  conditions  an  antiskid 
brake  control  system  should  have  approximately  10  HZ  or  greater 
cyclic  frequency  potential.  Unfortunately,  for  many  (perhaps 
most)  airplanes  10  HZ  is  very  near  or  above  the  landing  gear  fore 
and  aft  first  mode  natural  frequency.  Provisions  must  therefore 
be  included  within  the  brake  control  system  to  restrict  the  brake 
force  oscillatory  magnitude  and/or  cyclic  frequency  in  a  manner 
so  that  structurally  damaging  load  magnification  is  prevented. 

Figure  7  showed  that  the  natural  tendency  is  for  the  larger 
magnitude  brake  force  oscillations  to  have  a  higher  frequency 
than  that  for  smaller  magnitude  oscillations.  Since  most  of  the 
antiskid  system  characteristics  which  promote  achievement  of 
improved  braking  performance  for  low  braking  force  potential 
conditions  such  as  wet  runways,  also  produce  higher  antiskid 
cyclic  rate  potential,  any  steps  taken  to  enhance  braking  per¬ 
formance  for  slippery  conditions  must  be  very  carefully  evaluated 
with  respect  to  their  effects  upon  dynamic  loading  whenever  cir¬ 
cumstances  of  high  brake  force  potential  are  encountered. 
Therefore,  the  dominant  consideration  when  evaluating  total 
braking  system  compatibility  is  assuring  that  the  antiskid  in¬ 
duced  oscillatory  braking  force  does  not  have  a  combination  of 
amplitude  and  frequency  which  is  structurally  detrimental  under 
any  condition  of  airplane  usage.  It  is  most  often  necessary  to 
sacrifice  braking  system  performance  under  some  circumstances  to 
achieve  such  compatibility. 
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Antiskid  system  evaluation  is  usually  performed  during  the 
initial  design  or  system  development  phase  for  most  new  aircraft 
to  assure  stopping  performance  objectives  can  be  achieved  and  to 
verify  no  adverse  dynamic  loading  will  be  produced.  These  evalua¬ 
tions  may  be  analytical,  experimental  or  a  combination  of  both 
and  most  often  are  performed  as  laboratory  dynamometer  tests, 
hybrid  hardware-analog  computer  analyses  and  aircraft  taxi  tests. 
The  analytical  evaluation  is  usually  accomplished  by  utilizing  a 
setup  composed  of  hardware  representative  of  the  aircraft  com¬ 
ponents  interfaced  with  an  electronic  analog  computer.  The  com¬ 
puter  is  used  to  solve  mathematical  equations  describing  such 
parameters  as  aircraft  motion,  landing  gear  motion,  tire  and 
wheel  motion,  tire- to- runway  friction,  aerodynamic  forces  and 
brake  torque.  The  actual  behavior  of  a  laboratory  setup  including 
such  components  as  antiskid  electronic  circuitry,  the  brake, 
hydraulic  control  valves  and  interconnecting  lines  or  other  de¬ 
vices  is  measured  by  suitable  instrumentation  and  fed  into  the 
computer  to  obtain  a  composite  solution.  This  analysis  procedure 
is  used  because  a  complete  mathematical  computer  setup  may  be 
considered  too  expensive  or  because  accurate  mathematical  des¬ 
criptions  for  some  components  such  as  the  electronic  antiskid 
control  circuit  are  not  available.  If  any  actual  hardware  is 
used  in  the  computer  setup,  the  analysis  must  be  performed  "real 
time". 


While  these  hybrid  hardware-computer  analyses  serve  many 
useful  purposes,  several  analytical  limitations  are  incurred 
with  a  "real  time"  solution.  Some  of  these  analytical  limitations 
are:  (a)  some  significant  parameters  such  as  brake  torsional 
displacement,  tire  circumferential  displacement  with  respect  to 
the  wheel  an*4  unsprung  mass  position  (oositlon  of  the  wheel, 
brake  and  axle  suspended  between  springs  representing  the  tire 
and  shock  absorber  strut)  have  very  high  rates  of  vibration 
making  their  observation  and  interpretation  very  difficult.  This 
same  problem  is  encountered  when  attempting  to  interpret  antiskid 
operation  as  recorded  during  vehicle  testing,  (b)  if  actual  hard¬ 
ware  is  used  as  a  part  of  the  computer  solution  the  effects  of 
component  characteristic  variations  cannot  be  evaluated  unless 
such  variations  are  physically  produced.  The  large  expenditure 
of  time  and  money  required  to  accomplish  such  evaluation  is 
usually  prohibitive,  (c)  the  instrumentation  used  to  interface 
the  hardware  with  the  computer  introduces  additional  variables 
to  an  otherwise  very  complex  system. 

The  above  analytical  difficulties  can  be  overcome  or 
significantly  reduced  by  employing  an  all-mathematical  approach 
and  operating  the  analog  computer  at  a  reduced  time  scale  or  by 


using  a  digital  computer.  As  can  be  determined  from  the  work 
accomplished  under  Contract  F33615-70-C-1004  and  described  in 
AFFDL-TR-70-128,  a  major  difficulty  encountered  with  the  all 
mathematical  analysis  approach  is  the  large  number  and  complexity 
of  the  mathematical  operations  result  in  relatively  large  compu¬ 
tation  expense.  A  part  of  the  analytical  refinement  accomplished 
during  this  program  has  been  directed  toward  reducing  computation 
expense;  however,  with  respect  to  total  system  analysis  there  are 
some  relatively  complex  mathematical  operations  remaining.  De¬ 
pending  upon  particular  circumstances  and  the  type  of  problem  to 
be  solved,  useful  analytical  results  can  be  achieved  either  with 
an  all-mathematical  approach  having  various  degrees  of  complexity 
or  with  the  hybrid  hardware -ana log  computer  approach. 

Laboratory  dynamometer  test  evaluation  of  antiskid  braking 
system  operation  provides  a  relatively  low  cost  and  very  low 
risk  means  for  examining  many  factors  relative  to  system  per¬ 
formance  and  compatibility.  The  dynamometer  test  results  can  be 
used  to  establish  parameter  values  for  analytical  uses  or  to 
confirm  analytical  predictions.  Even  though  dynamometer  testing 
cannot  be  representative  of  aircraft  operation  in  some  respects, 
if  properly  conducted  they  will  establish  the  limits  of  a  parti¬ 
cular  equipment's  capabilities  and  provide  insight  into  how  the 
equipment  might  be  changed  to  achieve  a  more  compatible  system. 

A  very  advantageous  aspect  of  dynamometer  testing  is  that  almost 
any  conceivable  parameter  can  be  controlled  or  at  least  monitored 
with  relative  ease  and  a  particular  test  can  be  duplicated  if 
desired.  Aircraft  taxi  or  flight  cests  are  needed  to  confirm 
that  predicted  brake  system  performance  and  compatibility  are 
actually  achieved.  However,  because  of  the  great  difficulties 
involved  in  controlling  and/or  measuring  many  parameters  on  an 
airplane  and  because  of  unacceptably  high  costs  and/or  high  risks 
involved  in  producing  a  controlled  demonstration  under  limiting 
conditions,  it  is  not  generally  practical  to  consider  aircraft 
testing  as  the  only  braking  system  evaluation  technique* 

Considering  the  previously  described  factors  which  influence 
antiskid  operation  whenever  contemplating  analysis  of  braking 
system  effectiveness  for  use  in  establishing  airplane  stopping 
performance,  it  becomes  evident  that  the  random  variation  of 
such  parameters  as  runway  profile  and  tire- to-ground  friction 
coefficient  makes  precise  prediction  of  exact  occurrences 
virtually  impossible  and  impractical.  However,  since  the  random 
variations  of  many  other  factors  such  as  brake  application  speed, 
wind  direction  and  velocity,  pilot  brake  system  operating 
technique,  and  runway  distance  remaining  from  point  of  brake 
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application  also  significantly  influence  the  relative  success 
which  will  be  achieved  during  an  individual  instance  of  brake 
system  usage,  it  must  be  acknowledged  that  the  relatively  minor 
variations  in  antiskid  operation  from  one  instance  to  the  next 
are  not  greatly  significant.  The  primary  benefits  to  be  derived 
from  analyzing  antiskid  effects  upon  airplane  stopping  performance 
are:  to  establish  the  relative  capability  of  one  aircraft  type 
as  compared  to  another  for  some  defined  runway  condition,  to 
evaluate  the  relative  capabilities  of  one  antiskid  system  type 
us  compared  to  another  on  the  same  airplane,  to  evaluate  the 
effects  of  possible  variations  in  basic  airplane  configuration 
and  landing  gear  characteristics  upon  braking  system  operation, 
and  to  establish  braking  system  component  performance  requirements 
which  are  necessary  for  achieving  some  specified  stopping  per¬ 
formance  for  a  particular  aircraft  type.  By  applying  the  antiskid 
evaluation  techniques  utilized  during  this  program,  answers  may 
be  provided  for  such  questions  as:  Is  it  reasonable  to  expect 
that  an  airplane  achieve  the  same  stopping  performance  on  any 
runway  as  might  have  been  achieved  during  official  performance 
demonstrations  on  the  very  smooth  runway  at  Edwards  AFB, 
California?,  or  Is  it  reasonable  to  expect  the  same  level  of 
braking  system  effectiveness  from  two  different  type  airplanes 
equipped  with  the  same  type  antiskid  system  if  the  airplanes 
differ  with  respect  to  tire  size  and  landing  gear  elastic  charac¬ 
teristics  so  as  to  affect  the  amount  and  frequency  of  load 
oscillation  between  the  tire  footprint  and  the  ground?  The 
answers  to  such  questions  can  then  provide  the  basis  for  judging 
braking  system  acceptability  under  particular  circumstances  and 
for  establishing  whether  or  not  some  change  to  the  braking  system 
equipment  and/or  some  change  in  airplane  operating  procedures 
ought  to  be  implemented. 

Much  of  the  preceeding  discussion  is  recognized  to  be 
relatively  common  knowledge  among  those  who  routinely  participate 
in  the  design,  analysis  and  testing  of  aircraft  braking  systems. 
This  discussion  has  been  presented  to  establish  the  basis  for 
parameters  chosen  for  consideration  and  the  rationale  for  the 
various  analytical  assumptions  employed  during  this  program.  It 
is  also  hoped  that  by  reviewing  some  of  the  fundamental  aspects 
of  antiskid  operation,  those  who  have  not  been  previously  exposed 
to  the  subject  may  be  provided  some  insight  into  the  problem  and 
may  thereby  be  able  to  achieve  greater  benefits  from  applying  the 
antiskid  analysis  techniques. 


D.  PROBLEM  DISCUSSION 


A  prior  program,  conducted  under  U.S,  Air  Force  Contract 
F33615-70-C-1004  and  administered  by  the  Air  Force  Flight  Dynamics 
Laboratory,  resulted  in  development  of  an  analysis  procedure  for 
predicting  aircraft  antiskid  performance  and  total  system  compati¬ 
bility.  The  results  of  this  prior  program  are  described  in  Report 
Number  AFFDL-TR-70-128. 

The  analytical  procedures  consist  of  a  complete  mathematical 
description  of  the  antiskid  system  components  along  with  the  air¬ 
plane,  other  aircraft  components  and  systems  related  to  or  in¬ 
fluenced  by  antiskid  operation,  and  the  characteristics  of  the 
surface  upon  which  the  airplane  is  operating.  The  mathematical 
description  includes  such  considerations  as  landing  gear  dynamic 
motion,  tire  elasticity,  brake  torque  response,  antiskid  elec¬ 
tronic  circuitry,  brake  hydraulic  control  system  dynamics,  runway 
surface  profile,  and  tire -to -runway  friction  characteristics. 

Both  "On-Off"  and  "Modulated"  antiskid  systems  are  considered. 
Procedures  for  quantitative  evaluation  of  the  influencing  para¬ 
meters  and  examples  of  their  usage  are  also  presented.  The 
mathematical  description  consists  of  analytical  components  as 
follows : 

(1)  Brake  -  Brake  torque,  hydraulic  displacement  and  inlet  flow 
rate  are  computed  as  functions  of  time  considering  applied 
brake  pressure,  relative  velocity  between  the  braking  fric¬ 
tion  surfaces,  axial  elasticity,  heat  stack  inertia,  piston 
position  and  velocity,  and  the  various  friction  coefficients 
(lining,  torque  tube  and  wheel  splines,  piston  seals)  as 
functions  of  velocity. 

(2)  Hydraulic  System  -  Hydraulic  pressure  at  the  brake,  at  the 
antiskid  valve  inlet  and  outlet,  and  at  the  pilots  metering 
valve  is  computed  as  a  function  of  time  considering  pilot 
command,  system  supply  pressure^  compressibility  and  inertia 
of  the  actuation  media,  line  flow  resistance  and  elasticity, 
variable  flow  areas  within  the  pilots  metering  valve  and 
antiskid  valve  as  functions  of  spool  position,  and  volume  of 
the  various  containment  vessels  (lines,  valve  bodies,  brake 
housing). 

(3)  Airplane  and  Landing  Gear  -  The  position  and  velocity  of  the 
airplane  and  the  landing  gear  elements  with  respect  to  the 
airplane  are  computed  with  respect  to  time  considering  forces 
from  the  wheel  and  brake,  aerodynamic  forces,  runway  profile, 
shock  strut  elasticity  and  damping,  shook  strut  position, 
aircraft  inertia,  and  control  surface  position. 
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(4)  Wheel  and  Tire  -  The  forces  between  the  wheel-tire  assembly 
and  the  airplane  and  between  the  wheel-tire  assembly  and  the 
runway  are  computed  with  respect  to  time  considering  tire- 
to- runway  friction  coefficient  as  a  function  of  relative 
velocity  and  runway  surface  condition  including  hydroplaning 
effects,  tire  radial  and  circumferential  deformation  and  its 
rate,  applied  brake  torque  and  axle  velocity. 

(5)  Wheel  Speed  Sensor  -  Antiskid  control  circuit  input  signal 
is  computed  as  a  function  of  time  considering  wheel  angular 
velocity  and  characteristics  of  the  antiskid  wheel  speed 
sensor  device. 

(6)  Antiskid  Control  Circuit  -  Antiskid  valve  voltage  is  computed 
as  a  function  of  time  considering  the  input  signal  from  the 
wheel  speed  sensor  and  the  control  circuit  characteristics 
(the  dynamic  behavior  of  the  various  circuit  elements  is 
described) . 

(7)  Antiskid  Control  Valve  *•  Antiskid  control  valve  spool  position 
is  computed  as  a  function  of  time  considering  the  applied 
valve  voltage  from  the  control  circuit,  first  stage  pressure 
response  characteristics,  and  inlet,  outlet  and  return  port 
pressure. 

(8)  Control  Surface  Position  -  Horizontal  tail  position  is 
computed  as  a  function  of  time  considering  pilot  command, 
stability  augmentation  system  characteristics,  and  airplane 
pitch  rate. 

(9)  Runway  Surface  Profile  -  Runway  surface  profile  is  defined 
as  a  function  of  the  airplane's  longitudinal  displacement. 

The  analytical  prediction  procedure  is  implemented  by 
combining  the  individual  analytical  components  to  obtain  a  total 
system  composite  solution.  An  electronic  computer  is  used  to 
produce  a  simultaneous  solution  of  all  mathematical  equations. 

The  mathematical  descriptions  previously  developed  with  corrections 
and  refinements  resulting  from  work  accomplished  during  this  pro¬ 
gram  are  contained  in  Appendix  A  herein.  To  permit  confident  and 
useful  employment  of  the  analytical  procedure  a  controlled 
physical  demonstration  to  show  its  validity  and  to  assure  all 
significant  parameters  are  included  ana  properly  accounted  for 
should  be  performed,  and  simplification  and  refinement  should  be 
accomplished  wherever  possible  to  reduce  complexity  and  consequent 
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computation  expense.  During  the  course  of  this  program  the 
second  factor  above  became  the  major  consideration  in  that  only 
a  very  small  fraction  of  the  analytical  effort  planned  could  be 
accomplished. 

As  with  the  analysis  of  any  physical  phenomena  the  degree  of 
complexity  incurred  with  an  analysis  of  antiskid  operation  is  re¬ 
lated  to  the  degree  of  solution  precision  which  is  being  attempted. 
At  the  onset  of  the  analytical  effort  it  was  recognized  that  if 
any  significant  improvement  in  the  analysis  of  antiskid  compati¬ 
bility  was  to  be  accomplished,  some  greater  than  usual  analytical 
complexity  would  be  required  because  the  influence  of  such  high 
frequency  oscillations  as  brake  squeal  and  tire  tread  circumferen¬ 
tial  displacement  was  to  be  accounted  for.  It  was  hoped  that  some 
way  could  be  found  to  combine  these  complex  analytical  elements 
needed  for  compatibility  evaluation  with  simpler  analytical  ele¬ 
ments  as  are  more  appropriate  for  evaluating  airplane  stopping 
performance.  Unfortunately,  efforts  expended  toward  accomplishing 
this  goal  have  not  produced  very  successful  results.  The  following 
discussion  describing  various  possible  mathematical  treatments  of 
tire -to-ground  friction  illustrates  the  analytical  dissonance 
between  a  procedure  best  suited  for  evaluating  antiskid  compati¬ 
bility  and  a  much  less  complex  treatment  suitable  for  airplane 
stopping  performance  evaluation. 

A  very  important  aspect  of  antiskid  brake  control  system 
analysis  is  the  mathematical  treatment  of  the  relationship  between 
tire- to- runway  friction  force  and  the  amount  of  tire -to- runway 
slippage.  This  mathematical  treatment  is  influenced  by  budgetary 
considerations,  computer  setup  and  computer  capabilities.  For  a 
real  time  analog  computer  setup  the  usual  procedure  is  to  define 
the  friction  coefficient  between  the  tire  and  runway  surface  as 
a  function  of  wheel  slip  ratio  as  shown  in  Figure  9(a).  In  this 
case,  the  amount  of  tire  slippage  is  expressed  as  a  fraction  of 
the  axles  horizontal  velocity.  Figure  9(b)  shows  an  alternate 
procedure  where  friction  coefficient  is  expressed  as  a  function 
of  slip  velocity.  Figure  10  shows  how  these  functions  are  used 
to  compute  the  brake  force  and  the  Drake  force  is  then  used  in 
the  computation  of  wheel  slippage.  Both  of  the  above  can  give 
fairly  good  analytical  results  when  evaluating  braking  system 
performance  but  do  not  produce  computer  operation  which  correlates 
very  well  with  the  effects  of  antiskid  operation  as  recorded  during 
vehicle  tests. 
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Figure  9  Tire  Friction  Coefficient  Functions 
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(a)  SLIP  RATIO 


Figure  10  Tire  Friction  Computation 
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As  described  in  Reference  17,  a  critical  examination  of  the 
above  mathematical  treatment  of  the  relationship  between  tire- 
to-runway  friction  force  and  tire -to- runway  slippage  will  reveal 
that  in  the  stable  positive  slope  region  of  the  friction  force- 
slippage  relationship  the  amount  of  apparent  slippage  is  the 
result  of  the  braking  force  and  tire  elastic  deformation,  not  the 
cause  of  some  value  of  friction  coefficient  being  in  existence, 
and  that  in  the  unstable  negative  slope  region  of  the  friction 
force-slippage  relationship  the  amount  of  friction  force  decay  is 
a  function  of  the  tire  footprint  actual  slippage  not  some  percent¬ 
age  of  the  axle  velocity.  Consequently,  the  characteristics  of 
the  friction  coefficiant-slip  ratio  function,  if  used,  must  be 
established  relatively  arbitrarily  because  of  the  very  large 
variations  which  must  be  approximated  over  a  wide  range  of  condi¬ 
tions.  It  is  not  uncommon  to  set  the  initial  slope  of  the  friction 
coefficient-slip  ratio  function  to  be  compatible  with  computer 
capabilities  rather  than  attempt  to  simulate  the  tire  elastic 
properties  as  would  be  more  realistic. 

Considering  the  above,  using  the  analytical  convenient  slip 
ratio-friction  coefficient  technique  cannot  produce  truly  credible 
analytical  results.  Using  the  friction  coefficient-slip  velocity 
approach  is  capable  of  more  believable  analytical  results  if  the 
function  can  be  adequately  defined.  The  ma'  uematical  treatment 
of  the  brake  force-tire  slippage  phenomenon  aescri1-  A  in  Appendix 
A  herein  better  represents  actual  physical  oc^arreices.  This 
procedure  is  to  account  for  the  tire  tread  torsic  l  and  trans¬ 
lational  deformation  relative  to  the  wheel  when  computing  foot¬ 
print  velocity  relative  to  the  runway.  However,  because  of  the 
tire  treads'  very  high  acceleration,  a  real  time  analog  computer 
or  relatively  long  integration  time  step  digital  computer  solution 
is  not  practically  achievable.  Using  the  tire  mathematical  model 
described  in  Appendix  A  along  with  the  definition  of  tire  pro¬ 
perties  from  Reference  1  allows  the  examination  of  such  effects 
as  tire  size  and  inflation  pressure  upon  braking  system  compati¬ 
bility.  These  effects  can  be  of  considerable  significance  for 
the  case  of  small  high  pressure  tires. 

There  are  other  analytical  elements  such  as  brake  torque 
computation  and  hydraulic  valve  operation  where  there  are 
similar  differences  between  the  type  of  mathematical  treatment 
which  is  best  suited  for  compatibility  analysis  as  compared  with 
performance  evaluation.  It  has  been  concluded  that  a  single 
analysis  procedure  is  not  likely  to  ever  be  formulated  which  will 
be  capable  of  general  usage  for  all  antiskid  analysis  tasks  in  an 
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economically  feasible  fashion.  Accordingly  an 

^lDh^fied  a”alysis  Pr°cedure  has  been  formulated.  The  analytical 
techniques  of  the  stop  lifted  procedure  are  intended  to  be^ri- 
marily  used  for  performance  evaluan™  ‘'cuuea  co  oe  Pri- 

aspects  of  antiskid  oper.tio* c» 
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SECTION  II 


VERIFICATION  TESTING 


The  Initial  step  toward  verifying,  correlating  and  refining 
the  previously  developed  aircraft  antiskid  performance  and  total 
system  compatibility  analysis  procedures  was  to  conduct  a  con¬ 
trolled  physical  demonstration  of  total  braking  system  operation. 
This  demonstration  consisted  of  a  number  of  braked  stops  per¬ 
formed  on  a  laboratory  brake  test  dynamometer  using  a  test  set-up 
including  an  aircraft  landing  gear  assembly  to  support  the  tire, 
wheel  and  brake,  the  brake  actuation  hydraulic  system,  and  an 
antiskid  system.  During  these  braked  stops  various  forces, 
hydraulic  pressure  and  displacements  describing  the  landing  gear 
dynamic  behavior,  antiskid  and  hydraulic  brake  control  systems1 
operation  and  braking  performance  were  recorded  so  that  this  in¬ 
formation  could  be  compared  with  the  corresponding  information 
predicted  by  the  analytical  procedures  for  the  same  circumstances. 
The  controlled  demonstration  was  intended  to  show  the  effects  upon 
braking  performance  and  total  system  compatibility  which  result 
from  varying  such  total  system  characteristics  as: 

(1)  Hydraulic  flow  restriction  at  various  points  in  the  brake 
actuation  system 

(2)  Tire  radial  and  torsional  stiffness 

(3)  Antiskid  control  characteristic 

(4)  Landing  gear  fore  and  aft  natural  frequency 

(5)  Tire-to-runway  braking  force  potential. 

A.  TOTAL  SYSTEM  TEST  INSTALLATION 

The  total  system  test  installation  consisted  of: 

(1)  A  support  fixture  equipped  with  a  movable  carriage  simulating 
the  aircraft  landing  gear  attachment  points.  A  carriage 
loading  and  control  system  was  provided  so  that  the  landing 
gear  could  be  landed  on  the  192  inch  diameter  flywheel  of 
the  inertia  brake  test  dynamometer  located  in  the  AFFDL 
Landing  Gear  Test  Facility,  Building  31,  Area  B,  Wright 
Patterson  Air  Force  Base,  Ohio, 
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(2)  One  F-lll  main  landing  gear  tire-wheel-brake  assembly 
Installed  on  the  necessary  F-lll  landing  gear  structural 
components  so  as  to  complete  an  installation  the  same  as 
that  for  the  aircraft  left  main  wheel. 

(3)  A  mockup  of  the  F-lll  hydraulic  brake  actuation  and  control 
system  including  pilot's  metering  valve,  accumulator,  lines 
and  fittings. 

(4)  An  antiskid  control  system  including  wheel  speed  sensor, 
control  circuit  and  antiskid  valve. 

(5)  Instrumentation  equipment  as  required  to  measure  and  record 
dynamometer  flywheel  speed  and  distance,  braked  wheel  speed, 
hydraulic  pressure  at  the  brake  and  at  the  antiskid  valve 
inlet,  brake  torque,  radial  and  tangential  forces  between 
the  tire  and  dynamometer  flywheel,  and  electrical  signal  at 
the  antiskid  control  valve.  The  instrumentation  consisted 
of: 

(a)  Electrical  resistance  strain  gage  pressure  transducers 
with  appropriate  excitation  power  supply  and  resistance 
measuring  electronic  circuitry  (CEC  System  D)  to  measure 
hydraulic  pressure  at  the  brake  and  at  the  antiskid 
valve  inlet*  The  accuracy  of  the  pressure  measurements 
was  within  +  25  psig. 

(b)  The  output  from  the  antiskid  wheel  speed  sensor  (a  D.C. 
tachometer)  was  used  to  measure  braked  wheel  speed. 

The  speed  was  determined  within  2  percent  by  using  the 
tachometer  calibration  curve  and  an  electronic  D.C. 
voltmeter  (same  as  described  in  (e)  for  antiskid  valve 
electrical  signal). 

(c)  A  light  beam  type  electronic  pulse  generator  and  200 
hole  perforated  disc  with  appropriate  electronic  cir¬ 
cuitry  was  used  to  measure  dynamometer  flywheel  speed 
and  distance.  Distance  measurement  within  +  .25  ft. 
and  velocity  measurement  within  +  lc5  miles  per  hour 
was  accomplished  with  an  electronic  counter  and  by  the 
oscillograph. 

(d)  Electrical  resistance  strain  gages  Installed  on  the 
axle  were  used  to  measure  the  radial  and  tangential 
forces  between  the  tire  and  dynamometer  flywheel  and 
brake  torque.  CEC  System  D  excitation  power  supply 
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and  resistance  measuring  electronic  circuitry  were 
used  for  strain  gage  output  recording.  The  axle  was 
calibrated  using  a  calibration  fixture  previously  used 
for  flight  test  load  calibration. 

(e)  An  electronic  D.C.  voltmeter  was  used  to  measure  the 
electrical  signal  at  the  antiskid  control  valve.  This 
voltmeter  is  the  oscillograph  galvanometer  with 
appropriate  shunt.  Voltage  measurement  was  within 
+  .5  volts. 

Outputs  from  these  measuring  devices  were  recorded  with 
respect  to  time  on  a  CEC  direct  writing  oscillograph  and  on 
magnetic  tape. 

Instrumentation  calibration  was  accomplished  by  accepted 
laboratory  practice  with  respect  to  standards  traceable  to  the 
National  Bureau  of  Standards. 

During  the  course  of  the  testing  alternate  equipment  items 
such  as  different  size  tires,  different  antiskid  control  circuits 
and  different  hydraulic  flow  restrictors  were  assembled  into  the 
total  system  installation  as  appropriate  to  produce  the  desired 
overall  system  configuration  for  individual  test  conditions. 

The  total  system  test  installation  is  shown  on  Figures  11,  12, 

13,  14,  15  and  16.  Figure  17  shows  two  views  of  the  192  inch 
diameter  inertia  brake  test  dynamometer  located  in  the  AFFDL 
Landing  Gear  Test  Facility  prior  to  installation  of  the  total 
system  test  support  fixture.  These  two  views  correspond  to  those 
shown  on  Figure  11  and  Figure  12  after  the  total  system  test 
support  fixture  was  installed. 

The  total  system  test  support  fixture  was  designed  and 
fabricated  at  the  Fort  Worth  Operation  of  General  Dynamics  Convair 
Aerospace  Division  in  Fort  Worth,  Texas.  After  assembly  the 
support  fixture  was  structurally  proof  tested  at  Fort  Worth, 

Texas  and  then  disassembled,  shipped  to  Wright-Patterson  Air 
Force  Base,  Ohio  and  installed  in  the  AFFDL  Landing  Gear  Test 
Facility.  The  support  fixture  has  28.0  inches  carriage  stroke 
and  will  accommodate  a  landing  gear  having  up  to  50.0  inches 
tire  diameter.  The  movable  carriage  weighs  approximately  15000 
pounds  and  with  the  initially  installed  size  actuator  powered 
by  the  existing  1500  psi  hydraulic  system  test  loadings  over 
the  range  of  0  -  30,000  pounds  applied  radially  on  the  dynamo¬ 
meter  flywheel  can  be  accomplished.  The  support  fixture  struc¬ 
tural  capacity  is  50,000  pounds  and  by  increasing  the  size  or 
number  of  load  actuators  or  by  increasing  the  capacity  of  the 
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Figure  11  Total  System  Test  Installation  -  Landing  Gear  and  Support  Fixture 
Viewed  Looking  North  Inside  Dynamometer  Cage 
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Figure  12  Total  System  Test  Installation  Support  Fixture 

Viewed  Looking  East  from  Outside  Dynamometer  Cage 
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Total  System  Test  Installation  -  Dynamometer  Control  Console 
Upper  Carriage  Control  Unit  and  Data  Recording  Equipment 


est  Installation  -  Aircraft  Brake  Metering  Valve 
r  with  Upper  Carriage  Loading  System  Components 
p  of  Dynamometer  Cage 


Viewed  Looking  North  From  Inside  of  Cage 


existing  hydraulic  system  test  loadings  up  to  50,000  pounds  can 
be  accomplished.  Figure  18  shows  the  support  fixture  while  being 
subjected  to  proof  loading  for  the  side  load  design  condition  and 
Figure  19  shews  the  fixture  set  up  to  apply  proof  loading  for  the 
landing  design  condition.  Because  the  support  fixture  is  not 
structurally  symmetrical  for  loading  applied  in  the  plane  of  the 
flywheel,  both  landing  and  braking  design  proof  loads  were  applied 
in  each  direction  (i.e.,  as  installed* horizontal  loads  acting 
both  North  and  South) .  Because  of  support  fixture  symmetry  in 
the  plane  of  the  flywheel  shaft,  proof  loading  for  the  side  load 
condition  was  applied  in  the  direction  of  horizontal  load  acting 
West  only.  The  proof  loadings  applied  are:  for  the  landing 

design  condition,  142,000  pounds  (1.5  times  the  resultant  of 
75,000  pounds  vertical  combined  with  57,750  pounds  horizontal 
in  a  plane  19.0  inches  above  the  flywheel),  for  the  braking 
design  condition  117,000  pounds  (1.5  times  the  resultant  of 
50,000  pounds  vertical  combined  with  60,000  pound  horizontal  in 
a  plane  tangent  to  the  flywheel),  and  for  the  side  load  design 
condition  (drift  landing)  144,000  pounds  which  is  1.5  times  the 
resultant  of  75,000  pounds  vertical  combined  with  60,000  pounds 
horizontal  and  in  a  plane  tangent  to  the  flywheel. 


The  support  fixture  carriage  loading  and  control  system 
consists  of  an  electrohydraulic  servo  actuator  in  combination 
with  a  solid  state  electronic  amplifier/comparator  unit.  The 
test  fixture  control  unit  as  shown  in  Figure  13  allows  the 
operator  to  lock  or  unloctt  the  overhead  carriage,  command  landing 
or  unlanding,  control  the  amount  of  landing  load  applied,  apply 
or  release  the  brake,  bleed  the  carriage  load  hydraulic  equipment 
and  implement  emergency  unlanding. 

B.  TEST  CONDITIONS  AND  PROCEDURES 


The  testing  was  accomplished  by  performing  braked  stops  with 
a  combination  of  different  equipment  configurations  and  different 
applied  loading  as  listed  in  Table  1.  The  various  equipment 
configurations  listed  are: 

(1)  Antiskid  System  -  The  antiskid  systems  used  during  the  tests 
consisted  of  a  production  F-lll  wheel  speed  sensor  (Goodyear 
Part  Number  9542613)  and  antiskid  control  valve  (Goodyear 
Part  Number  9550255)  connected  with  one  of  the  following 
antiskid  control  circuits: 
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Figure  18  Landing  Gear  Support  Fixture  Structural 
Proof  Test  for  Side  Load  Condition 
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Figure  19  Landing  Gear  Support  Fixture  Structural 
Proof  Test  For  Landing  Load  Condition 


Table  1  Test  Condition  Summary 


COND. 

ANTISKID 

TIRE 

TIRE  AND 
SHOCK  STRUT 

HYD. 

APPLIED 

VERTICAL 

NO. 

SYSTEM 

SIZE 

INFLATION 

CONFIG. 

LOAD 

1 

CN-OFF-A 

47 

X 

18 

150-A 

A 

17,000 

2 

CN-OFF-A 

47 

X 

18 

150-A 

A 

13.000 

3 

ON- OFF- A 

47 

X 

18 

150-A 

A 

9,000 

4 

ON-OFF-A 

47 

X 

18 

150-A 

A 

5,000 

5 

ON -OFF -A 

47 

X 

18 

50-A 

A 

5,000 

6 

ON-OFF-A 

47 

X 

18 

50 -A 

A 

13,000 

•7 

ON-OFF-A 

42 

X 

13 

200-A 

A 

17,000 

8 

CN-OFF-A 

42 

X 

13 

200 -A 

A 

13,000 

9 

ON-OFF-A 

42 

X 

13 

200-A 

A 

9,000 

10 

ON-OFF-A 

42 

X 

13 

200-A 

A 

5,000 

11 

ON-OFF-A 

42 

X 

13 

200-A 

B 

5,000 

12 

ON-OFF-A 

42 

y 

13 

200-A 

B 

13,000 

13 

ON-OFF-A 

42 

X 

13 

200-A 

C 

5,000 

14 

ON-OFF-A 

42 

X 

13 

200-A 

C 

13,000 

15 

ON-OFF-A 

42 

X 

13 

200-A 

D 

5,000 

16 

ON-OFF-A 

42 

X 

13 

200-A 

D 

13,000 

17 

ON-OFF-A 

42 

X 

13 

200-B 

C 

17,000 

18 

ON-OFF-A 

42 

X 

13 

200-B 

C 

13,000 

19 

ON-OFF-A 

42 

X 

13 

200-B 

C 

9,000 

20 

ON-OFF-A 

42 

X 

13 

200-B 

C 

5,000 

21 

ON- OFF- B 

42 

X 

13 

200-A 

C 

13,000 

22 

ON-OFF-B 

42 

X 

13 

200-A 

C 

5,000 

23 

ON- OFF -B 

47 

X 

18 

150-A 

C 

13,000 

24 

ON-OFF-B 

47 

X 

18 

150-A 

C 

5,000 

25 

MOD-A 

47 

X 

18 

150-A 

C 

13,000 

26 

MOD -A 

47 

X 

18 

150-A 

C 

5,000 

27 

MOD-A 

47 

X 

18 

150-b 

A 

13,000 

28 

MOD-A 

47 

X 

18 

50-A 

A 

5,000 

29 

MOD-A 

47 

X 

18 

150-A 

A 

17,000 

30 

MOD-A 

47 

X 

18 

150-A 

A 

13,000 

31 

MOD-A 

47 

X 

18 

150-A 

A 

9,000 

32 

MOD-A 

47 

X 

18 

150-A 

A 

5,000 

33 

MOD-A 

42 

X 

13 

200-A 

A 

17,000 

34 

MOD-A 

42 

X 

13 

200-A 

A 

13,000 

35 

MOD-A 

42 

X 

13 

200-A 

A 

9,000 

36 

MOD-A 

42 

X 

13 

200-A 

A 

5,000 

44 


(a)  CM -OFF -A  antiskid  control  circuit  was  a  bread  board 
version  of  the  production  F-104  and  B-58  circuit  except 
that  an  amplifier  was  added  to  the  input  in  an  attempt 
to  achieve  compatibility  with  the  F-lll  wheel  speed 
sensor  and  to  account  for  the  difference  in  tire  size. 

(b)  ON-OFF-B  antiskid  control  circuit  was  the  same  as 
CN-OFF-A  except  the  skid  detection  threshold  and  skid 
recovery  signal  settings  were  adjusted  to  achieve 
better  stopping  performance  for  the  condition  where 
high  braking  force  potential  exists. 

(c)  MOD-A  antiskid  control  circuit  was  the  production  F-lll 
circuit  with  a  modification  of  a  resistance  value  in 
the  modulating  section.  This  modification  was  to 
facilitate  the  computation  of  analytically  predicted 
performance  and  should  have  had  negligible  effect  upon 
antiskid  operation. 

(2)  Tire  Size  -  The  following  two  different  size  tire  and  wheel 
assemblies  are  physically  interchangeable  on  the  F-lll  axle 
and  fit  with  the  F-111A  brake  assembly.  The  difference  in 
weight  of  these  two  tire  and  wheel  assemblies  was  expected 
to  produce  a  preceivable  change  in  landing  gear  fore  and  aft 
natural  frequency. 

(a)  47  X  18-18  size  26  ply  rating  tire  mounted  on  a  F-111A 
wheel  assembly  (B.F.  Goodrich  Part  No.  3-1156-7)  - 
This  is  the  production  F-111A  equipment. 

(b)  42  X  13-18  size  28  ply  rating  tire  mounted  on  a  F-111B 
wheel  (B.F.  Goodrich  Part  No.  3-1155-5). 

(3)  Hydraulic  Configuration  -  The  hydraulic  brake  actuation  and 
control  system  used  for  these  tests  was  a  mockup  of  the 
production  F-lll  system  with  the  following  alterations: 

(a)  Hydraulic  Configuration  A  was  the  production  configura¬ 
tion  with  no  alteration  except  that  a  single  long  hose 
was  used  in  place  of  a  combination  of  hard  line  and 
two  short  hoses  between  the  metering  valve  and  the 
landing  gear. 

(b)  Hydraulic  Configuration  B  was  the  production  system 
modified  by  installing  a  moderate  hydraulic  flow  res¬ 
triction  (.060  inch  diameter  orifices)  between  the 
antiskid  valve  and  the  brake. 
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(c)  Hydraulic  Configuration  C  was  the  production  system 
modified  by  installing  a  moderate  hydraulic  flow  res* 
friction  (.070  inch  diameter  orifices)  between  the 
pilot's  metering  valve  and  the  antiskid  valve. 

(d)  Hydraulic  Configuration  D  was  the  production  system 
modified  by  installing  a  very  high  hydraulic  flow  res¬ 
triction  (.035  inch  diameter  orifices)  between  the 
pilot's  metering  valve  and  the  antiskid  valve. 

(4)  Tire  and  Shock  Strut  Inflation  Conditions  -  The  test  run 
conditions  listed  in  Table  I  include  variations  in  the 
total  system  configuration  with  respect  to  the  shock  strut 
and  tire  inflation  pressures.  The  shock  strut  inflation 
pressure  condition  A  is  equivalent  to  that  used  on  the  F-lll 
and  is  sufficiently  high  to  keep  the  shock  struts  upper 
stage  fully  extended.  In  the  upper  stage  fully  extended 
position  and  with  the  vertical  loads  associated  with  landing 
gross  weights,  shock  strut  stroking  loes  not  occur  because 
there  is  insufficient  compressive  force  to  overcome  the 
extending  load.  Ir  this  case  the  tire  absorbs  all  of  the 
airplane's  vertical  motion  with  respect  to  the  ground  and 
fairly  large  tire  load  variations  result.  Shock  strut  in¬ 
flation  pressure  condition  B  is  a  lower  pressure  as  is 
required  to  allow  the  upper  stage  to  be  compressed  enough 
to  produce  two  inches  axle  travel  from  the  upper  stage  fully 
extended  position  when  the  test  load  is  applied  statically. 
This  shock  strut  inflation  condition  would  allow  some  of  the 
vertical  position  variation  in  the  aircraft's  landing  gear 
attachment  to  be  absorbed  by  shock  strut  stroking  as  would 
occur  with  a  conventional  single  stage  strut  arrangement. 

In  this  case  the  variation  in  tire  loads  should  have  been 
reduced.  Even  though  these  tests  were  performed  with  a 
laboratory  set  up  where  large  vertical  load  variations 
should  not  occur  the  elastic  deflection  of  the  load  carriage 
was  expected  to  produce  some  variation  of  vertical  load. 

Different  tire  inflation  pressure  conditions  were  imposed 
to  achieve  changes  in  tire  radial  and  torsional  stiffness. 
The  higher  pressures  were  those  which  are  usually  used  on 
the  airplane  (no  flywheel  correction  applied)  and  the  lower 
pressures  were  those  which  will  produce  approximately  the 
same  deflection  for  the  test  load  imposed  as  is  experienced 
on  the  airplane. 

On  Table  1  the  tire  and  shock  strut  inflation  condition  is 
indicated  by  the  tire  inflation  pressure  in  psig  and  the 
shock  strut  inflation  condition  letter  as  described  above. 
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Since  these  tests  were  performed  to  produce  information  to 
be  used  for  verification  of  the  analytical  prediction  procedure, 
the  test  conditions  were  formulated  to  be  compatible  with  the 
analytical  procedure*  The  achievement  of  good  (or  even  acceptable) 
braking  performance  was  not  expected  for  some  test  conditions. 

The  reason  for  using  the  On-Off  type  antiskid  control  circuit 
for  the  majority  of  the  test  conditions  was  that  the  analytical 
predicticn  for  On-Off  operation  was  believed  to  be  more  economi¬ 
cal  than  for  the  modulated  control  circuit  operation.  The 
objectives  for  the  individual  test  conditions  were: 

0  Test  conditions  number  1,  2,  3  and  4  were  to  examine  the 
variation  in  braking  system  performance  which  results  from 
variations  in  tire- to- runway  braking  force  potential. 

°  Test  conditions  number  5  and  6  were  to  examine  the  effects 
of  tire  stiffness.  The  results  of  these  test  runs  will  be 
compared  to  conditions  2  and  4. 

°  Test  conditions  number  7,  8,  9  and  10  were  to  examine  the 
effects  of  changing  the  landing  gear  fore  and  aft  natural 
frequency. 

°  Test  conditions  number  11,  12,  13,  14,  IS  and  16  were  to 
examine  the  effects  of  variations  in  hydraulic  system  flow 
restrictions. 

o  Test  conditions  number  17,  18,  19  and  20  were  to  examine 
the  effects  of  the  landing  gear's  vertical  compliance  as 
influenced  by  shock  strut  characteristic. 

o  Test  conditions  number  21,  22,  23  and  24  were  to  examine 
the  effects  of  changing  the  control  circuit's  operating 
characteristic. 

°  Test  conditions  number  25  and  26  were  to  determine  the 
effects  of  varying  the  hydraulic  system  restriction  in 
conjunction  with  modulat.  intiskid  circuit  operation. 

o  Run  condition  27  was  to  de>  ue  the  effects  of  the  landing 
gear's  vertical  compliance  ;  onj unction  with  modulated 
antiskid  circuit  operation. 


o  Test  run  condition  28  was  to  determine  the  effects  of  tire 
stiffness  in  conjunction  with  modulated  antiskid  circuit 
operation. 

o  Test  conditions  number  29,  30,  31  and  32  were  to  determine 
the  variation  in  braking  system  performance  with  modvlated 
antiskid  circuitry  resulting  from  variations  in  tire-to- 
runway  braking  force  potential. 

o  Test  conditions  number  3.j  34,  35  and  36  were  to  determine 
the  effects  of  increased  landing  gear  fore  and  aft  natural 
frequency  along  with  variations  in  tire-to-runway  braking 
force  potential  with  modulated  antiskid  system  operation. 

For  all  test  conditions  the  dynamometer  flywheel  inertial 
equivalent  was  10,147  pounds,  the  brake  application  speed  was 
135  mph  and  brake  release  speed  was  10  mph.  The  resultant  kinetic 
energy  absorption  was  6.15  million  foot  pounds  as  compared  with 
18  million  foot  pounds  F-111A  brake  45  stop  energy  capacity. 

This  low  energy  condition  was  used  for  economy  in  that  brake  wear 
was  minimized,  test  runs  could  be  conducted  more  frequently  be¬ 
cause  long  brake  cooling  periods  were  avoided,  and  the  computation 
expense  required  to  analyze  a  complete  test  run  was  reduced.  Each 
test  run  was  performed  as  follows: 

°  The  applicable  total  system  installation  test  configuration 
was  installed  in  the  test  set-up  and  the  antiskid  control 
circuit  was  functionally  checked.  The  applicable  landing 
load  was  set  on  the  carriage  load  control  system. 

°  The  flywheel  was  accelerated  to  approximately  140  mph 
peripheral  speed  and  the  wheel  was  landed  with  the  applic¬ 
able  applied  load.  When  135  mph  flywheel  speed  was  reached 
the  brake  was  applied  by  positioning  the  aircraft  pilot's 
metering  valve  for  1600  psi  steady  state  output  pressure. 
Prior  to  landing  the  instrumentation  and  recording  equipment 
was  started  to  record  the  applicable  parameters  during  the 
test. 

0  When  the  flywheel  speed  had  been  reduced  to  10  mph,  the 
brake  was  released  so  that  the  aircraft  wheel  was  allowed 
to  coast.  At  approximately  2  mph  flywheel  speed  the  air¬ 
craft  wheel  was  unlanded.  The  dynamometer  flywheel  was  not 
brought  to  a  complete  stop  because  significant  antiskid 
operation  does  not  occur  below  10  mph  locked  wheel  detection 
speed  and  because  repeated  high  torque  low  speed  usage 
causes  excessive  brake  wear  and  lining  damage. 
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C.  TEST  RESULTS 


Since  this  testing  was  performed  for  verification  of  the 
analytical  prediction  procedure,  the  criteria  for  evaluating  the 
relative  success  or  failure  of  an  individual  test  run  is  estab¬ 
lished  by  the  degree  of  agreement  between  actual  occurrences  and 
the  analytically  predicted  occurrences.  The  nature  of  the  testing 
was  such  that  the  test  results  could  be  evaluated  by  direct  ob¬ 
servation  of  the  oscillograph  traces  showing  the  recorded  data. 
Items  which  were  evaluated  are: 

o  Landing  gear  fore  and  aft  load  magnitude  and  oscillation 
frequency. 

»  The  character  and  magnitude  of  braked  wheel  speed  variation 
throughout  individual  antiskid  cycles. 

9  Relative  braking  effectiveness  as  indicated  by  stopping 
distance  ard  dynamometer  flywheel  deceleration  rate. 

o  The  ability  of  the  antiskid  system  to  prevent  skids  when 
conditions  of  low  tire- to- runway  friction  potential  are 
encountered. 

o  The  overall  compatibility  between  the  various  elements 
within  the  total  system.  For  instance,  was  the  hydraulic 
brake  line  flow  restriction  excessive  such  that  satisfactory 
tire  skid  prevention  or  the  achievement  of  satisfactory 
stopping  performance  was  inhibited. 

Test  runs  were  performed  for  all  of  the  36  test  conditions 
listed  in  Table  1  and  the  test  data  was  recorded  as  intended. 
Figure  20  shows  an  oscillograph  record  for  test  condition  No.  29 
with  a  reduced  time  scale.  This  oscillograph  is  typical  of  the 
other  test  conditions  except  for  length.  As  can  be  observed  the 
antiskid  system  operated  reasonably  well. 

In  most  respects  practically  all  of  the  test  results  except 
for  those  from  test  condition  No.  29  were  unsatisfactory  in  that 
the  circumstances  of  the  test  runs  were  beyond  the  bounds  of  the 
circumstances  for  which  the  analysis  procedures  were  intended  to 
represent.  The  primary  difficulty  was  that  the  On-Off  antiskid 
circuit  operation  was  totally  unsatisfactory  and  not  representa¬ 
tive  of  any  type  antiskid  system  which  might  ever  be  attempted 
to  be  used  on  an  airplane.  Unsatisfactory  On-Off  antiskid 
operation  was  caused  by  the  wheel  speed  signal  being  severely 
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Figure  20  Test  Condition  No.  29  Oscillograph  Recording 


distorted  by  the  amplifier  which  was  intended  for  adapting  the 
F-lll  wheel  speed  sensor  to  provide  the  proper  input  to  the  F-104 
type  electronic  circuit.  The  existance  of  the  problem  was  recog¬ 
nized  at  the  time  the  tests  were  being  conducted;  however,  the 
means  for  prompt  resolution  was  not  available.  Testing  was 
continued  because  the  degree  of  wheel  speed  signal  distortion 
was  not  believed  to  be  as  great  as  it  was  later  determined  to  be. 
When  the  magnitude  of  the  problem  was  identified  there  was 
insufficient  remaining  time  with  which  to  implement  suitable 
corrective  action  and  repeat  the  test  runs. 

As  a  result  of  the  unsatisfactory  On-Off  antiskid  operation, 
a  large  number  of  severe  tire  skids  occurred.  These  tire  skids 
caused  the  tread  compound  to  become  reverted.  Even  though  the 
flywheel  surface  was  cleaned  between  test  runs,  the  reverted  tire 
tread  compound  contaminated  the  flywheel  surface  during  the  first 
few  wheel  revolutions  such  that  tire-to-flywheel  friction  coef¬ 
ficient  was  much  less  than  that  which  is  usually  available  and 
which  was  planned  for.  Since  the  test  runs  for  conditions  using 
the  modulated  antiskid  control  circuit  were  performed  such  that 
they  were  interspersed  with  the  tests  using  On-Off  antiskid 
circuit,  the  results  of  these  tests  were  adversely  affected  by 
the  abnormal  tire  tread  condition.  This  problem  could  have  been 
avoided  if  additional  tires  had  been  available  for  replacement 
or  if  the  tests  had  been  performed  so  that  those  using  modulated 
antiskid  circuit  had  been  performed  first. 

Observation  of  the  oscillograph  records  during  the  course  of 
the  test  revealed  brake  pressure  increase  and  decrease  was  occur¬ 
ring  at  a  rate  less  than  that  which  had  been  expected.  The  test 
setup  was  inspected  for  possible  unplanned  excessive  restriction 
In  the  hydraulic  lines  from  the  brake  to  the  antiskid  and  brake 
metering  valves  and  the  antiskid  valve  was  changed  on  one 
occasion;  however,  no  cause  for  apparent  high  restriction  could 
be  found.  This  effect  did  not  cause  any  significant  difficulty 
with  antiskid  operation  during  testing  but  does  cause  an 
analytical  problem  as  discussed  in  Section  IV. 
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SECTION  III 


ANALYSIS  REFINEMENT 


Early  In  this  program  it  was  realized  that  If  any  appreciable 
amount  of  test  data  correlation  was  to  be  accomplished  It  would 
be  necessary  to  devise  some  way  to  reduce  analytical  complexity 
because  of  the  prohibitive  computation  expense  which  would  other* 
wise  be  incurred.  This  problem  was  previously  discussed  in 
Section  I  herein*  To  permit  evaluation  of  such  effects  as  brake 
chatter  and  squeal,  the  tread  circumferential  and  radial  dis¬ 
placement  with  respect  to  the  wheel,  and  hydraulic  system  resonant 
pressure  surges,  the  analysis  procedures  as  previously  formulated 
contain  a  number  of  second  order  differential  equations  describing 
phenomena  having  very  high  oscillatory  frequencies,  some  well 
above  100  HZ.  Provisions  for  these  effects  were  included  because 
there  have  been  instances  where  they  have  been  the  cause  of  brak¬ 
ing  system  incompatibility  problems.  In  addition,  the  examination 
of  tire  tread  displacement  with  respect  to  the  wheel  providec  the 
only  known  means  of  adequately  explaining  a  tire's  braking  force 
versus  apparent  slippage  relationship. 

As  a  first  step  toward  analytical  refinement  the  antiskid 
valve  mathematical  model  was  revised  as  described  in  Section  7 
of  Appendix  A.  Additional  damping  was  added  between  the  tire 
tread  and  the  wheel  and  the  tire -to-ground  friction  coefficient 
versus  slip  velocity  function  was  modified  as  described  in 
Section  4  of  Appendix  A.  These  simplifications  were  helpful  but 
did  not  significantly  reduce  computation  expense.  It  is  evident 
that  there  are  infinitely  many  minor  variations  of  the  mathe¬ 
matical  models  formulated  and  that  the  useful  analytical  tool 
whereby  "high  gain"  second  order  differential  equations  are 
replaced  with  first  order  equations  could  be  employed  in  many 
more  instances  than  it  has.  However,  by  these  means  establishing 
the  simplest  possible  composite  solution  which  could  be  useful 
requires  a  great  deal  of  time  consuming  experimentation.  To 
overcome  this  problem  it  was  decided  to  revert  to  the  more  usual 
antiskid  analytical  techniques  and  formulate  a  simplified  analysis 
procedure.  For  the  following  simplified  mathematical  description 
all  of  the  elements  previously  described  separately,  except  for 
the  wheel  speed  sensor  and  antiskid  control  circuit,  are  combined 
into  a  single  simplified  model  representing  a  brake  test  dyna¬ 
mometer  type  setup.  This  simplified  model  is  essentially  the 
same  as  that  which  would  be  (and  has  been)  used  on  an  analog  com¬ 
puter  operating  at  "real  time"  with  actual  aircraft  antiskid 
control  circuit  hardware.  For  this  case  such  high  frequency 


52 


mKmmmmmmmmmmmmmmmmrnmm  fwpiippppppigpipipil— pwi^*»ui>.iiyi'!n  i^nw^ry»«iwyw«WL,««.  _  ium 


second  order  equations  as  those  for  axle  torsional  displacement/ 
tire  tread  displacement  relative  to  the  wheel,  brake  disc  axial 
displacement  and  hydraulic  valve  spool  displacement  are  not 
included.  There  is  also  a  significant  difference  in  the  treat** 
ment  of  the  tire- to-ground  friction  force  for  this  model  in  that 
the  friction  coefficient  versus  footprint  relative  slip  velocity 
function  has  been  modified  to  have  a  relatively  moderate  slope 
through  zero  as  shown  in  Figure  24.  This  modification  is  re¬ 
quired  to  represent  the  elastic  displacement  of  the  tire  tread 
relative  to  the  wheel  which  is  not  being  computed.  The  same 
format  as  used  in  Appendix  A  is  used. 

A.  MATHEMATICAL  DESCRIPTION 


Each  major  element  of  the  system  is  described  separately  as 
in  Appendix  A  even  though  all  elements  are  combined  into  a  single 
system. 

Hydraulic  System 

The  hydraulic  system  supplies  brake  actuation  pressure,  P&  , 
and  consists  of  a  pressure  source,  the  antiskid  valve  flow  control 
spool,  the  brake  actuation  cylinder  and  interconnecting  piping  as 
shown  in  Figure  21.  As  described  in  Appendix  A  hydraulic  flow  is 
established  by  the  product  of  a  pressure  function  ft  and  a  flow 
coefficient  function  as  follows. 

U)  $<*,*>  =S,GA/(X-Y)  i  I  x-  Y I 

(2)  Acv<*>  -  Aa/o  irxzScvo 

*  A4/9K  t  }  /F  K  <  Scvo 
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The  pressure  source  is  the  pilot's  metering  valve  output 
having  pressure  PmS  .  As  the  pilot  applies  the  brakes,  the 
metering  valve  output  pressure  increases  from  reservoir  pressure, 
Pa  ,  to  the  command  pressure  value,  Pcfi  ,  as  a  function  of  time 
in  accordance  with  equation  (3) . 

(3)  /Pm /  ~  T (Pcp-P#\ ^TcP  c  Px  //=-0-T-7c/> 

=  PcP  /r7~*7cp 

The  antiskid  valve  flow  control  spool  position,  Xcv  , 
establishes  the  brake  application  or  brake  release  flow  coeffic¬ 
ients,  Ao/s  and  Aa/R.  respectively,  according  to  equations  (4) 
and  (5) . 

(4)  Acvs*/?cno  /Ftic-Scc^Scro 

~  MAX  fact/. J  (Xof-Si •H.Atss, /Srn]j  if( Kct/Sa. )  ^Sa/O 

(5)  Acvfi-  //T  (Sa-XcJ)  - Scvo 

“  L-Scl  ~  Xcs\A  c^o/Sc/o)  }  //=  (See  -  Acs)  ScSS 

The  flow  thru  the  antiskid  valve  flow  control  spool  is  then  given 
by  equations  (6) ,  (7)  and  (8) . 

(6)  Cl  CSS  -  A less  PmS}  P/3^> 

O)  Qcsp  -  /)cs/z  $<  Pe }  Pp) 

Qb  -  Qcss  -  Clcs/z 

If  the  brake  actuation  piston  area  per  line  is  PqPS  ,  then  the 
piston  velocity,  A&  >  is  given  by  equation  (9). 

(9)  Xe  -  0.9 / ftffPS 
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The  brake  actuation  pressure  is  established  from  the  brake 
pressure  volume  characteristic  as  described  by  equation  (10) . 


(10) 


Cj&Pl  A  8  Pqo 
C.8PI/  X.R  pp0o 


fr  X/O 
if  Xe  >  o 


The  value  for  piston  displacement  Xf  is  established  by 
integrating  Xb  from  equation  (9) . 

Antiskid  Control  Valve 


The  antiskid  control  valve  mathematical  description  consists 
of  the  equations  establishing  the  flow  control  spool  position, 

Xc'  ,  as  a  function  of  the  valve's  characteristics  and  the  input 
control  signal,  Si'  ,  as  follows: 


(11) 

=  CscVZ 

/£v 

(12) 

Psc  -  /■€> 

/F  XSC  —X$Csr} 

=  CKsc/i- 

Xsc)/ (.liscti  Xscn t)  ,/=■  Xscm  <Xsc<Xfr/Z 

*o.o 

,F  X\SC  XsclL 

(13) 

Psc  r  #JC  C  P/yu/  -Pp)  +  P/l  +■  Pc</tf 

(14) 

it 

(15) 

Xc  1/  ~  Min' 

[  0/  Vcv]  /FSbM  -  Xci' 

-  /a / 

/F  Sci"l  ^  Xcy  OSc^A 

=  Mfik 

t  VlA  if  XcS  ~  Scs/e 

Brake  Torque  System 

Brake  torque  is  the  product  of  the  number  of  friction  surfaces , 
the  normal  force  between  friction  surfaces,  the  friction  coeffic¬ 
ient  between  friction  surfaces  and  the  normal  force  radius.  The 
normal  force  is  the  product  of  the  effective  actuation  pressure, 

Pb  ,  and  the  brake  piston  area,/W  .  The  effective  pressure  is 
determined  from  equation  (16)  as  follows: 
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(16)  p^,  . 0;  Pg-Peoc  -P&  s/6^i*.a)  ] 

The  brake  torque,  7bt  ,  is  determined  by  equations  (17), 
(18)  and  (19)  where  the  friction  coefficient  is  defined  as  a 
function  of  the  relative  velocity  between  the  friction  surfaces, 
l/#  .  I A/r  is  the  wheel  angular  velocity. 

d?)  \/6  =  Per  Wr 

(18)  £XP  <-A <8  //=  $>  O 

'  -  O  /p  /ff  -  o 

^XP<<n  Z/sP  O 

(19)  7ir »  Per  £  A//z  (  #?)  LMe) 


In  the  above  NR  is  the  number  of  rocors.  Since  each  rotor 
has  a  friction  surface  on  each  side,  the  number  of  friction 
surfaces  is  2  NR. 


Figure  22  shows  the  wheel  and  tire  system  representing  a 
brake  test  dynamometer  setup.  The  horizontal  force ,  ,  on  the 

wheel  (from  the  axle)  is  given  by  equation  (20) . 

(20)  Fs  =  -Cq  X<s  -  Dfl  Xc 


If  71bt  is  the  brake  torque  and  Per  is  the  friction  force 
at  the  tire-flywheel  interface,  the  tire  and  v/heel  equations  of 
motion  for  horizontal  translation  and  rotation  are: 

(21)  |//<£  Xg  -  Fg  -  Fer 

(22)  l/l fjrr  Wr  -  Fbt  Pro  ~7dr 


The  relative  velocity  between  tire  tread  and  the  flywheel, 
\J/l  ,  is  given  by  equation  (23). 

(23)  /p  t-  X<$  -  Rn  Wr 
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Figure  22  Dynamometer  Flywheel  Setup 


The  braking  force, /^r  ,  is  established  by  the  tire  vertical 
force,  /v/n  ,  and  the  tire-to-ground  friction  coefficient  %/Jr  * 
by  equations  (24)  and  (25) . 

«a)  Far  =  /-Mm  Mr' 

(25)  Mr  -  r  )  tXP  <~  *  (l //?  -fa)  y  /F  A  >  tAo 

~  C  A/V/lv)  [  A/Fz  -FrA)  /F -V/lo  ±i//i  +!//}<> 

-  tv^t/  -(Art  -Ff/f)  *-'&<$>  /f- 

The  flywheel  velocity,  VF  ,  and  flywheel  peripheral  distance. 
Xp  ,  are  computed  by  integrating  equations  (26)  and  (27). 

m 

(26)  ]/pr  -  -  t&r  /  w'f 

(27)  X  P  -  v/p  //Z 

Figure  23  shows  the  Simplified  Antiskid  Analysis  System 
Equation  Flow  Diagram. 
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B.  PARAMETER  EVALUATION 


The  parameters  applicable  to  the  simplified  antiskid  analysis 
procedure  are  listed  in  Table  2.  The  values  for  each  parameter 
are  that  for  test  condition  No.  29  as  established  by  the  pro¬ 
cedures  described  in  Appendix  A  for  the  applicable  case  except  as 
follows : 

The  antiskid  control  valve  gain ,  £TcV  ,  is  set  at  a  value  such 
that  if  the  valve  spool  had  constant  velocity  it  would  move  through 
its  entire  travel  in  0.010  seconds  which  is  the  step  input  res¬ 
ponse  time  of  the  valve  with  1500  psi  differential  pressure. 
Therefore, 

For  .070  inches  spool  travel  in  .01  seconds, 

$ 

X<V  ■  .07/. 01  ■  7  inches  per  second. 

GcV  =  X<v/ A  P  -  7/1500  -  0.0047  in3/sec  lbf 

The  positive  slope  portion  of  the  tire-to-ground  friction 
coefficient  function  was  established  from  information  presented 
in  Reference  1,  for  a  17.00-20  tire  which  is  about  the  same  size 
as  the  47  X  18  tire  used  during  testing: 

From  Figure  54  (page  38)  of  Reference  1: 

Fa  -rkk-T/  for  an  axle  velocity  of  approximately 

100  ft /sec. 

Where  Fa  *  Braking  force 

r  -  Tire  free  radius 
Kk  -  Tire  fore  and  aft  spring  rate 
Xi  -  slip  ratio 

By  definition  -S7  *  slip  velocity 

axle  velocity 

For  a  47  X  18  tire  with  13,000  pounds  radial  load  and  150  psi 
inflation  pressure,  /c'x  “  6830  pounds/inch  (see  Reference  1,  page 
22,  equation  47). 

For  a  47  X  18  tire  P  -  23.35  inches 


Since  = 

r  Kt£, 

M  ~  Fit 


r  KuSj  , 

_  ( 'ussXteso )  £/ 


~  /Z.ZZ& 


/Z.2Z. 


SLIP  VELOCITY 
AXLE  VELOCITY 


From  Figure  A40  in  Appendix  A  AS/nat.  m  .496  for  2400  in /sec 
aircraft  velocity.  Use  this  value  even  though  axle  velocity  for 
data  from  Reference  1  is  only  1200  inches/sec. 

Let  Vko  -  slip  velocity  for^^*,**  :  Therefore, 

i Mo  »  Axle  Velocity  ^ 

\JfiM  »  /zoo  l 

L  yz.zzj 

*  48.7  inches /sec 

Figure  24  shows  the  resultant  tire  friction  coefficient 
versus  slip  velocity  function. 


Figure  24  Tire- To-Ground  Friction  Coefficient 
Versus  Relative  Velocity 
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in  addition  to  formulating  the  simplified  analysis  procedure, 
some  minor  corrections  have  been  made  to  the  On-Off  and  modulated 
antiskid  control  circuit  mathematical  models  as  shown  in  Section  6 
of  Appendix  A.  For  the  On-Off  circuit  equation  (N2)  was  not  pre¬ 
viously  separately  identified.  Since  Diode  D2  is  in  the  current 
path  it  is  necessary  to  consider  current  AD2  separately  so  that 
its  value  can  be  limited  to  positive  values  only. 

For  the  modulated  antiskid  circuit  a  minor  modification  of 
the  computation  sequence  was  required  to  place  the  proper  limits 
on  current  •  For  circuit  conditions  3,  4,  7,  8,  11  and  12 

where  the  valve  drive  amplifier  is  operating  in  the  amplification 
mode,  an  upper  current  limit  is  necessary  to  represent  the  satu¬ 
rated  condition.  With  the  revised  computation  sequence,  the 
value  of  A&XZ.  ,  once  established  and  properly  limited,  is  used 
for  computing  VB  and  .  Previously,  the  equation  for  AtfQz 
was  substituted  into  the  equations  for  and /?<T4  so  that  all 
three  parameters  were  computed  from  the  instantaneous  capacitor 
voltages . 
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SECTION  IV 


TEST  DATA  CORRELATION 


Test  data  correlation  was  accomplished  by  comparing  the 
analytical  predictions  for  test  condition  number  29  with  the 
test  results.  Figure  25  shows  an  expanded  time  scale  oscillo¬ 
graph  record  of  the  first  two  seconds  of  the  test  for  condition 
number  29.  The  variations  of  brake  cylinder  pressure,  horizontal 
and  vertical  force  on  the  axle,  brake  torque,  braked  wheel  speed, 
and  antiskid  valve  voltage  are  shown  with  respect  to  time.  Two 
brake  cylinder  pressures,  identified  by  "A"  and  "O"*  are  shown 
because  the  F-lll  brake  has  two  independent  sets  of  actuation 
cylinders  and  each  set  is  controlled  by  separate  metering  valve 
and  antiskid  valve  elements.  Figure  26  shows  the  variation  of 
the  same  or  comparable  quantities  as  predicted  from  the  simpli¬ 
fied  analysis  procedure  for  the  first  second  of  the  stop.  For 
the  analytically  venerated  information  only  one  cylinder  pressure 
is  shown  and  the  axle  drag  is  shown  in  deflection  units  instead 
of  force  units.  The  information  shown  on  Figure  26  was  obtained 
from  an  electronic  digital  computer  solution  of  simplified 
analysis  procedure  mathematical  equations  described  in  Section 
III  combined  with  the  Option  2  wheel  speed  sensor  and  modulated 
antiskid  control  circuit  mathematical  models  from  Sections  5  and 
6  of  Appendix  A.  The  digital  computer  input  data  is  shown  on 
Table  3  and  the  computer  program  listing  is  in  Appendix  B. 

A  comparison  between  the  test  results  shown  on  Figure  25 
and  the  analytical  predictions  shown  on  Figure  26  reveals  the 
following: 

0  The  antiskid  cyclic  frequency  is  much  higher  for  the 
Analytical  prediction  than  was  obtained  in  the  test 

’  The  brake  pressure  change  rate  in  the  test  was  much  lower 
than  analytically  predicted 

°  The  modulating  antiskid  circuit  elements  are  not  operating 
for  the  analytical  prediction  and  were  operating  during 
the  test. 

It  is  believed  that  these  differences  are  caused  by  both 
analytical  and  test  difficulties.  As  was  previously  mentioned 
in  Section  II  the  brake  pressure  change  rates  were  observed  to 
be  much  lower  than  expected.  Figure  27  shows  part  of  an 
oscillograph  record  from  an  aircraft  test  performed  by  the  Air 
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SCALE  » ACTORS 


Figure  25  Expanded  Time  Scale  Oscillograph  Record  of  Tes 


Force  at  Edwards  Air  Force  Base,  California.  Many  pertinent 
occurrences  are  shown  on  this  record  one  of  which  is  the  brake 
pressure  change  rates.  Records  such  as  this  were  the  basis  for 
the  pressure  change  rates  expected  during  the  testing  phase  of 
this  program.  It  can  be  seen  that  for  high  rate  valve  voltage 
changes,  the  brake  pressure  changes  on  the  airplane  at  about  the 
same  rate  as  was  analytically  predicted  rather  than  as  exper¬ 
ienced  during  laboratory  testing.  To  achieve  agreement  between 
analytical  prediction  and  laboratory  test  result,  the  analytical 
parameters  describing  hydraulic  flow  restriction  need  to  be 
modified  to  describe  the  laboratory  test  set-up.  This  could  be 
done  either  by  measuring  the  flow  restriction  in  the  laboratory 
(which  should  have  been  accomplished)  or  by  trial  and  error 
experimentation  with  the  analytical  procedure.  Neither  has  been 
accomplished.  The  differences  in  hydraulic  flow  restriction 
between  the  analytical  prediction  and  the  laboratory  test  set-up 
are  primarily  responsible  for  the  different  antiskid  cyclic  rates. 

The  failure  of  the  analytical  procedures  to  predict  the 
operational  characteristics  of  the  antiskid  control  circuit 
modulating  elements  seems  to  be  caused  by  two  problems.  The 
first  is  that  for  some  undetermined  reason,  the  computer  program 
is  not  computing  the  same  influence  of  capacitor  C2  voltage  upon 
antiskid  valve  voltage  as  a  static  check  of  the  equations  would 
indicate.  The  voltage  of  capacitor  C2  controls  the  valve  ampli¬ 
fier  bias.  Efforts  toward  finding  the  cause  of  this  problem  have 
not  been  successful.  The  second  and  most  significant  problem 
from  a  analytical  viewpoint  is  that  the  "gain"  for  equations 
defining  the  current,  AC2,  which  is  charging  capacitor  C2,  is 
so  high  that  even  with  the  ,0002  second  integration  time  step 
used,  very  large  overshoots  in  capacitor  C2  voltage  occur.  For 
this  circumstance  the  valve  amplifier  bias  is  much  too  large 
which  in  turn  causes  the  valve  voltage  to  be  too  high.  It  is 
believed  that  the  second  difficulty  is  obscuring  the  cause  of 
the  first. 

A  related  similar  problem  involving  excessively  high  negative 
values  of  current  AC4  was  recognized  prior  to  testing.  Based  on 
some  experimental  work  accomplished  by  the  Antiskid  Engineering 
Department  of  the  Goodyear  Aerospace  Corp.,  the  value  of  R12,  as 
shown  on  Figure  A51  in  Appendix  A,  was  increased  to  limit  the 
value  of  A 04  to  an  amount  which  could  be  analytically  accommo¬ 
dated  with  a  reasonable  integration  time  step.  This  change  in 
resistance  value  was  previously  mentioned  in  Section  II.  It  is 
evident  that  a  similar  change  could  be  implemented  with  regard 
to  the  excessively  high  positive  values  of  current  AC2. 
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The  analytical  difficulty  experienced  with  the  computation 
of  antiskid  control  circuit  parameter  AC2,  or  any  other  parameter 
within  the  total  system,  should  be  recognized  as  typical  of  pro¬ 
blems  frequently  encountered  while  attempting  to  mathematically 
analyze  antiskid  operation.  For  each  instance  a  decision  must  be 
made  to  determine  how  the  goals; toward  which  the  analytical  ef¬ 
fort  is  directed,  can  be  best  accomplished  either  by  implementing 
an  appropriate  simplifying  mathematical  technique  so  that  a 
"brute  force"  solution  is  obtained,  or  by  requiring  some  change 
be  made  to  the  equipment  being  evaluated.  This  decision  is 
usually  influenced  by  such  factors  as  the  analyst's  experience, 
degree  of  prior  equipment  usage,  cost  of  iroplementing  the  hard¬ 
ware  change,  consequence  of  enduring  the  problem,  and  the 
relative  timing  within  the  aircraft  program  when  the  problem  is 
identified. 

The  specific  analytical  problem  encountered  during  this 
program,  wherein  the  equations  for  computing  control  circuit 
parameter  AC2  have  coefficients  which  necessitate  an  extremely 
small  integration  time  step  for  obtaining  a  digital  computer 
solution,  could  be  resolved  by  any  one  of  several  ways.  The 
practical  significance  of  this  analytical  difficulty  is  that  it 
indicates  that  the  modulating  circuit  elements  are  susceptible 
to  high  frequency  disturbances.  If  the  problem  is  associated 
with  circumstances  where  the  absence  of  high  frequency  dis¬ 
turbance,  such  as  brake  squeal,  can  be  assured,  the  best  solution 
to  the  problem  is  to  add  a  small  resistance  to  current  AC2  flow 
path  so  that  its  computation  does  not  upset  the  whole-  analysis 
For  a  case  where  the  absence  of  high  frequency  di.u-  Lane  .nt  <i 
be  assured  it  would  be  prudent  to  actually  modify  the  ant-sh  n 
circuit  to  reduce  the  "gain"  on  current  AC2.  For  this  second 
instance,  the  analytical  difficulty  is  the  definition  of  a  real 
problem.  It  can  be  expected  that  similar  situations  regarding 
brake  torque  or  hydraulic  pressure  computations  may  occur. 

For  the  F-lll  type  Goodyear  modulated  antiskid  circuit,  the 
modulating  elements  susceptibility  to  high  frequency  disturbance 
is  a  very  marginal  situation  in  that  actual  occurrence  of  any 
indication  of  this  effect  during  aircraft  operation  is  extremely 
rare;  however,  such  indication  has  occasionally  occurred.  When 
the  digital  computer  solution  was  attempted  with  a  0.001  second 
integration  time  step,  antiskid  circuit  operation  was  totally 
inhibited  by  capacitor  C2  voltage  overshoots.  With  the  .0002 
second  time  step  computer  solution,  as  shown  on  Figure  26,  the 
valve  signal  "noise"  during  the  last  few  cycles  indicates  that 
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the  same  inhibition  is  about  to  occur.  If  such  analytical  result 
had  been  available  at  the  time  this  circuit  was  being  formulated, 
it  is  very  probable  that  some  suitable  corrective  action  would 
have  been  incorporated. 

A  significant  aspect  of  the  analytical  procedures  used  for 
the  test  data  correlation  is  type  of  computation  equipment  which 
was  utilized.  The  digital  computer  solution  using  discrete  time 
step  integration  will  help  identify  some  real  Incompatibilities 
within  the  brake  system.  However,  the  appearances  of  these 
incompatibilities  may  be  exaggerated  if  the  integration  time  step 
is  not  fairly  small.  The  experience  of  this  program  is  that,  in 
general,  the  necessity  for  using  an  integration  time  step  shorter 
than  .0002  seconds  to  avoid  computation  difficulties  indicates  a 
situation  where  real  incompatibility  exists. 


SECTION  V 


FLUIDIC  CONTROLLED  PNEUMATIC  BRAKE 
ACTUATION  SYSTEM  DESIGN  STUDY 


Research  studies  have  been  conducted  at  Convair  Aerospace 
and  elsewhere  to  evaluate  the  application  of  fluidic  control 
elements  to  aircraft  wheel  brake  antiskid  control  systems.  The 
results  of  the  studies  indicate  that  there  is  good  potential  for 
achieving  more  dependable  braking  system  operation  if  a  fluidic 
controlled  brake  actuation  system  is  used  instead  of  the  more 
conventional  hydraulic  actuation  system.  The  areas  of  primary 
improvement  are  reduced  fire  hazard  and  more  constant  antiskid 
control  operation  over  a  wide  temperature  range.  For  the  case 
of  modern  carbon  disc  brakes  which  are  operated  at  extremely  high 
temperature,  the  fire  hazard  associated  with  hydraulic  actuation 
is  particularly  significant.  As  an  initial  step  in  the  evalua¬ 
tion  of  a  fluidic  controlled  pneumatic  braking  system,  antiskid 
brake  control  system  components  which  are  physically  and  func¬ 
tionally  suitable  for  airplane  usage  have  been  designed.  By 
having  performed  such  detail  design  it  is  possible  to  establish 
the  effects,  if  any,  upon  the  other  aircraft  systems  and  com¬ 
ponents  which  might  be  required  if  the  fluidic  controlled  pneu¬ 
matic  brake  actuation  system  were  installed.  Such  consideration 
is  also  necessary  during  the  design  of  the  components. 

Figure  28  shows  a  block  diagram  of  a  fluidic  controlled 
pneumatic  braking  system  incorporating  a  modulated  antiskid 
feature.  For  laboratory  test  evaluation  the  3000  psi  stored 
nitrogen  pressure  supply  would  be  used.  An  aircraft  installation 
might  use  either  a  stored  nitrogen  supply  or  a  high  pressure 
compressor  combined  with  a  smaller  storage  capacity. 

Figure  29  shows  a  modulator  type  fluidic  wheel  speed  sensor 
unit  which  is  physically  interchangeable  with  the  F-lll  D.C. 
electrical  tachometer.  The  sensor  consists  of  two-proximity 
sensors  excited  by  a  wheel  driven  slotted  cup.  The  output  of 
the  sensors,  a  frequency  signal,  is  the  input  to  a  frequency-to- 
analog  converter  module.  The  converter  wheel  speed  signal  is 
filtered  and  amplified  to  produce  a  linear  analog  output  signal 
that  is  linearly  proportional  to  wheel  speed.  The  circuit 
diagram  of  the  fluidic  wheel  speed  sensor  is  shown  on  Figure  30. 
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Figure  28  Fluidic  Controlled  Pneumatic  Braking  System 


Figure  30  Fluidic  Wheel  Speed  Sensor  Schematic/Circuit  Diagram 
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Figure  31  is  a  schematic  showing  how  a  F-lll  hydraulic 
antiskid  valve  would  be  modified  for  pneumatic  actuation  by  a 
pressure  signal  from  a  fluidic  control  circuit.  To  permit 
pneumatic  actuation  the  electric  linear  force  motor  is  replaced 
by  a  pressure  bellows  type  linear  force  motor.  For  a  limited 
evaluation  test  the  hydraulic  valve  could  be  used  for  pneumatic 
pressure  control  if  proper  lubrication  provisions  are  employed. 

For  sustained  pneumatic  application  the  valve  spool  materials 
and  perhaps  a  noninterflow  poppet  type  second  stage  would  be 
required;  however,  such  a  valve  would  have  the  same  basic  size, 
weight  and  cost  as  the  hydraulic  valve. 

Since  the  fluidic  control  system  will  operate  by  relatively 
low  level  pneumatic  pressure  signals,  it  is  necessary  that  all 
the  control  elements  be  physically  located  in  close  proximity  to 
each  other  and  the  valve  be  located  as  close  to  the  brake  as  is 
practical.  The  exact  physical  arrangement  of  the  control  circuit 
elements  needs  to  be  tailored  to  each  application.  The  control 
circuit  consists  of  items  2  thru  8  as  shown  on  Figure  28.  Item 
2  is  an  operational  amplifier  providing  gain  and  signal  stability 
for  the  wheel  speed  sensor  input  to  the  lead-lag  module.  The 
lead- lag  module.  Item  3,  is  used  for  differentiating  the  wheel 
speed  signal  to  produce  a  wheel  acceleration  signal.  Item  4  is 
a  variable  gain  operational  amplifier  for  gain  and  impedance 
matching.  A  multi- input  amplifier,  identified  as  Item  5,  is  used 
for  summing  acceleration  and  bias  circuit  signals.  The  bias 
control  circuit  consists  of  Items  6,  7  and  8.  The  pulse  shaper 
accepts  and  acceleration  input  signal  and  generates  an  output 
pulse  of  constant  amplitude  and  adjustable  time  duration  whenever 
the  acceleration  reaches  a  threshold  value.  The  bias  input  con¬ 
sists  of  a  linear  restrictor.  Integration  is  performed  by  a 
delayed  (R-C)  positive  feedback  circuit.  These  fluidic  control 
circuit  elements  for  one  wheel  can  be  packaged  in  a  volume  about 
two  times  as  great  as  that  for  the  equivalent  electronic  circuit 
elements  -  a  space  3x3x4  inches.  However,  for  many  aircraft 
such  as  the  F-lll,  these  fluid  elements  could  be  installed  inside 
the  axle  In  a  space  not  suitable  for  the  electronic  circuit 
elements  or  much  of  anything  else. 

The  cost  of  a  single  set  of  fluidic  components  for  laboratory 
evaluation  is  about  four  times  as  great  as  the  production  electric 
system;  however,  in  comparable  quantities  the  fluidic  units  would 
be  approximately  the  same  price  and  the  electric  units  based  on 
current  catalog  prices  for  fluidic  elements.  A  major  advantage 
of  the  fluidic  system  components  is  their  ability  to  withstand 
intense  vibration  and  high  temperature.  From  this  brief  design 
study  it  has  been  concluded  that  fluidic  control  of  a  pneumatic 
brake  actuation  system  can  be  practically  accomplished. 
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APPENDIX  A 


MATHEMATICAL  MODELS 


The  analysis  of  antiskid  operation  is  conducted  using 
a  modular  approach  whereby  the  problem  is  divided  into 
several  component  parts,  each  having  inputs  and  outputs 
defined  so  that  the  outputs  from  one  or  more  components  are 
provided  as  inputs  to  other  components.  By  combining  all 
the  analytical  components,  a  composite  simultaneous  solu¬ 
tion  is  obtained.  This  Appendix  lists  analytical  models 
formulated  to  mathematically  describe  the  following  aircraft 
components  or  systems  (the  computer  program  subroutine 
identification  is  given  within  parentheses  after  each  item): 

1.  Brake  Assembly 
(Brake  System) 

2.  Brake  Actuation  Hydraulic  System 
(Hydraulic  System) 

3.  Vehicle  and  Wheel  Structural  Support 
(Airplane  System) 

4.  Wheel  and  Tire 

(Wheel  and  Tire  System) 

5.  Antiskid  Wheel  Speed  Sensor 
(Wheel  Speed  Sensor) 

6.  Antiskid  Control  Circuit 
(Antiskid  Control  Circuit) 

7.  Antiskid  Control  Valve 
(Antiskid  Control  Valve) 

8.  Aerodynamic  Control  Surface  Positioning  System 
(Horizontal  Tail  Control) 

9.  Runway  Profile 
(Runway  System) 

These  component  mathematical  models  are  the  same  as  those 
initially  developed  under  Air  Force  Contract  F33615-70-C-1004 
as  described  in  Report  No.  AFFDL-TR- 70-128  except  for  cor¬ 
rections  or  modifications  which  have  been  incorporated  as  a 
result  of  analytical  refinement  conducted  during  this  pro¬ 
gram.  The  analytical  components  are  combined  into  composite 
solutions  for  three  cases:  1.  A  laboratory  inertia  dyna¬ 
mometer  set-up,  2.  An  airplane  having  three  degrees  of 
freedom  (i.e.,  longitudinal  and  vertical  translation  and 
pitch  rotation),  3.  An  airplane  having  six  degrees  of 
freedom  (i.e.,  longitudinal,  vertical  and  lateral  translation 
and  pitch,  roll  and  yaw  rotation).  For  the  case  of  the 
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laboratory  dynamometer  set-up,  two  versions  of  the  composite 
solution  are  provided*  The  fi.,st  is  the  same  as  that  pre¬ 
viously  described  in  Report  No.  AFFDL-TR- 70-128  which 
utilizes  the  same  analytical  components  as  the  airplane 
solutions  and  the  second  is  a  simplified  solution  combining 
all  the  analytical  components  with  minimal  mathematical 
complexity  and  is  described  in  report  Section  III. 

Alternate  mathematical  models  have  been  formulated  for 
some  of  the  analytical  components.  These  alternate  mathe¬ 
matical  models  are  listed  in  the  applicable  section?  alpha¬ 
betically  and  are  provided  for  instances  where  they  are 
needed  to  describe  more  than  one  type  of  equipment  which 
might  be  used  such  as  antiskid  control  circuits,  where  there 
are  analytical  benefits  to  be  gained  by  utilizing  a  less 
complex  mathematical  model  for  circumstances  where  a  more 
complex  model  is  not  required,  or  where  modifications  are 
needed  for  their  proper  application  within  the  various 
composite  solutions. 

Format  and  Convention  Usage 

The  presentation  of  the  analytical  component  mathematical 
models  follows  a  common  format  insofar  as  practical.  The 
section  describing  each  analytical  component  begins  with  an 
introductory  explanation  of  its  function  or  its  characteris¬ 
tics  relevant  to  antiskid  operation.  Following  this  intro¬ 
duction  is  the  main  body  of  the  discussion  under  the  heading, 
"A.  Mathematical  Description,"  containing  the  derivation 
of  the  equations  that  describe  the  system  dynamically.  This 
section  is  concluded  with  an  equation  flow  diagram  showing 
the  relationship  among  the  various  system  equations.  A  final 
discussion  follows  under  the  heading,  "B.  Parameter 
Evaluation,"  which  sets  forth  methods  of  determining  the 
values  of  the  constants  appearing  in  the  system  equations* 

The  system  presentation  closes  with  a  "Table  of  Parameters" 
which  lists  all  of  the  system  variables  and  constants. 

The  flow  diagram  which  appears  at  the  end  of  Section  A 
is  provided  principally  as  an  aid  in  the  preparation  of  the 
digital  computer  program  which  solves  the  system  equations. 
This  flow  diagram  could  also  be  used  for  an  analog  solution. 
The  following  conventions  apply  as  to  thr.  usage  of  the  flow 
diagrams:  The  triangles  outside  the  enclosing  phantom  line 
denote  variables  which  are  used  as  inputs  and  outputs  to 
other  systems.  The  numbered  rectangles  refer  to  equations 
within  the  system.  As  an  example,  in  Figure  A3  the  rectangle 
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numbered  9  indicates  that  is  a  function  ot  MS  and  fs 

and  that  the  equation  that  gives  the  exact  relationship  is 
equation  1.9.  No  constants  are  shown  in  these  diagrams. 

The  triangles  denoting  integrators  do  not  always  contain  an 
equation  number.  If  the  input  to  an  integrator  is  Xp  and 
its  output  is  XP ,  then  the  equation  is  implied.  Thus,  as 
in  Figure  A64,  if  the  input  to  an  integrator  is  &4  and  the 
output  is  yURq,  ,  then  the  equation  M/?4  m  f  #4- d t  ,  or 
equivantly,  MPa,  *  implied*  Because  of  the  size 

of  the  six  degree  airplane  system,  the  flow  diagram  in 
Figure  A32  is  slightly  different.  Its  use  is  strictly  limited 
to  the  digital  program  generation.  It  says  that  all  equa¬ 
tions  within  one  block  must  be  written  before  proceeding  to 
the  next  block.  Thus,  the  first  variables  to  be  solved  for 
are  ,  Zs#  ,  Yqip  ,  •••,  S>al  .  After  this  Pvn  ,  Few  , 
are  solved  for. 

After  this  Xaxl  *  X*xl  *  **%  etc. 

The  "Table  of  Parameters"  is  a  listing  of  all  variables  and 
constants  found  in  the  equations  of  that  system.  Each 
variable  is  identified  by  its  symbol,  description,  units, 
and  "Type."  The  "Type"  is  listed  a  v,  v(i),  and  v(o) 
depending  on  whether  the  variable  is  only  used  within  the 
system,  is  received  as  an  input  from  another  system,  or  is 
an  output  to  another  system.  Each  constant  is  identified 
by  its  symbol,  units,  description,  "type,"  and  value.  The 
"type"  for  each  constant  is  always  "c"  and  its  value  is 
that  used  with  the  F-lll  antiskid  system. 

Table  A1  lists  the  mathematical  conventions  utilized 
throughout  this  study. 
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Table  A1  Explanation  of  Mathematical  Convention 


Convention 


Computer 

Notation 

All  variables  are  expressed  in  a 
form  to  harmonize  with  Fortran 
character  utilization.  Thus  a 
variable  wTt  would  appear  as  WTE 
Also,  in  general,  the  following 
practice  is  adhered  to.  If  XTT 
is  a  variable,  then  XTT  is  its  For¬ 
tran  form.  The  symbol  for  XTT  is 
XTTD.  The  symbol  for  XTr  is  XTTDD. 
The  initial  condition  is  denoted  by 
adding  0  (zero) .  Thus  Xtt  at  time  ■ 
0  is  denoted  by  XTT  DO  . 

The  brackets  "<>  "  are  used  exclu¬ 
sively  to  denote  the  position  of  a 
function  argument.  The  script  *■ 
is  used  to  denote  an  arbitrary 
variable.  The  parentheses  "(  )" 

are  normally  used  to  denote  multi¬ 
plication. 

|Tar| 

Placing  a  parameter  symbol  between 
two  vertical  bars  denotes  the  abso¬ 
lute  value  of  the  parameter.  The 
absolute  value  of  a  signed  number  N 
is  defined  as  N  when  N  is  positive 
and  as  -N  when  N  is  negative. 

For  example:  l3l  ■  3  and  J-3|  "3. 

The  braces  preceded  by  "MIN”  or 
"MAX"  denote  the  value  of  the  least 

OR 

r 

(or  largest)  of  the  constant  or  the 
parameters  enclosed  within  the 

MAXJX./Xz,--'Xn' c,j 

braces. 

... 
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Three  different  total  system  mathematical  models  have 
been  formulated  to  perform  antiskid  analysis.  The  first 
model  which  is  referred  to  as  the  flywheel  system  repre¬ 
sents  an  antiskid  system  Installed  on  a  wheel  and  brake 
which  are  mounted  on  a  dynamometer.  The  second  system, 
referred  to  as  the  three  degree  system,  represents  an 
antiskid  system  installed  on  a  wheel  and  brake  mounted  on 
a  rigid  airplane  which  Is  allowed  three  degrees  of  freedom 
(longitudinal  translation  down  the  runway,  translation 
vertically,  and  pitch  rotation).  The  third  system,  referred 
to  as  the  six  degree  system,  represents  a  rigid  airplane 
having  all  six  degrees  of  freedom  and  equipped  with  a  con¬ 
ventional  single  wheeled  main  landing  gear  incorporating 
independent  antiskid  control  of  each  brake.  All  of  these 
systems  are  created  utilizing  the  models  described  in 
Section  III.  The  basic  reason  for  utilizing  three  models 
is  economics.  The  six  degree  system  takes  at  least  twice 
as  long  to  run  as  the  flywheel  system  and  not  all  antiskid 
system  parameters  require  the  sophistication  of  the  six 
degree  system.  However,  it  might  be  necessary  to  check 
certain  effects  under  the  most  comprehensive  circumstances. 

The  "Basic  Control  System"  is  made  of  the  following 
elements : 

1 .  Brake  System 

2.  Hydraulic  System 

3.  Wheel  Speed  Sensor 

4.  Control  System 

5.  Antiskid  Control  Valve 

To  form  the  flywheel  system,  the  "Basic  Control  System" 
is  combined  with  the  3a.  Airplane  System  (Flywheel),  4a. 
Wheel  and  Tire  System  (Flywheel),  and  the  9a.  Runway  System. 
To  form  the  three  degree  system,  the  "Basic  Control  System" 
is  combined  with  the  3b.  Airplane  System  (3  Degree),  4b. 
Wheel  and  Tire  System  (3  Degree),  8.  Horizontal  Tail  Con¬ 
trol  System,  and  9a.  Runway  System.  The  six  degree  system 
incorporates  two  separate  "Basic  Control  Systems"  and  two 
separate  4c.  Wheel  and  Tire  Systems.  These  are  combined 
with  a  3c.  Airplane  System  (6  Degree)  which  utilizes  the 
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8.  Horizontal  Tail  Control  and  9c.  Runway  System  (6  Degree). 
When  utilizing  the  "Basic  Control  Systems"  with  the  six 
degree  system,  the  variables  communicating  with  the  air¬ 
plane  model  are  reidentified  to  correspond  to  the  right 
or  left  side  of  the  airplane.  Thus,  X/,x*  is  X**  in  the 
right  side  and  *axi_  is  XAX  in  the  left  side. 

The  high  degree  of  modularity  used  in  this  analysis  is 
desirable  for  three  reasons.  The  first  reason  is  that  it 
is  easy  to  combine  the  component  models  together  to  form 
different  types  of  overall  systems.  This  is  true  not  only 
from  modeling  considerations  but  especially  from  program¬ 
ming  aspects.  As  ar  example,  the  only  basic  change  re¬ 
quired  to  accommodate  a  twin  or  tandem  gear  would  be  to 
remodel  the  strut  in  the  airplane  system.  The  second 
reason  for  modularity  is  the  difficulty  in  being  completely 
general.  Should  a  component  arise  which  is  not  described 
by  the  existing  models,  it  is  easy  to  create  a  new  program 
for  the  new  model  without  having  to  modify  the  operation 
of  other  systems.  Thus,  from  the  programming  point  of  view, 
to  incorporate  a  new  wheel  speed  sensor  for  example,  the 
new  model  program  can  fall  back  on  the  existing  read,  write, 
and  logic  statements  of  the  existing  wheel  speed  model.  The 
input  and  output  variables  of  the  new  component  model  are 
automatically  incorporated  properly  into  the  overall  compu¬ 
tational  procedure,  unless  some  new  variables  are  defined. 
The  following  flow  diagrams  show  the  relationships  between 
the  various  elements  in  the  composite  solutions. 


ieel  System  Composite  Solution  Flow  Diagram 
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8. Horizontal! _ Smt _ J  ( _ H ,  * _  9c.  Runway 


Six  Degree  System  Composite  Solution  Flow  Diagram 


1. 


BRAKE  ASSEMBLY 


The  conventional  airplane  brake  consists  of  a  series  of 
discs  which  are  alternately  stators  and  rotors.  The  stators 
are  restrained  from  rotating  about  the  axle  by  splines  or 
keyways.  The  rotors  are  similarly  connected  to  the  wheel 
and  hence  rotate  with  the  wheel  and  tire.  The  brake  torque 
is  produced  by  axially  compressing  the  disc  stack;  usually 
by  hydraulically  actuated  pistons.  Many  brakes  use  return 
springs  to  release  the  brake  stack  against  the  return  pres¬ 
sure  of  the  hydraulic  system.  The  amount  of  dynamic  torque 
which  is  produced  by  the  brake  at  any  instant  is  the  product 
of  the  friction  force  between  the  rubbing  surfaces  and  the 
radial  distance  between  the  friction  force  and  the  axis  of 
wheel  rotation.  The  friction  force  ia  the  product  of  the 
normal  force  between  the  rubbing  surfaces  and  the  friction 
coefficient.  A  more  simple  mathematical  treatment  of  the 
brake  is  a  part  of  the  simplified  Antiskid  Analysis  Procedure. 

A.  Mathematical  Description 

In  this  analysis  Xpwill  denote  the  brake  piston  linear 
displacement.  The  pistons ,  rotors,  and  ststors  sre  treated 
as  a  single  mass  system  in  the  axial  mode  ( Xp  direction). 

The  forces  acting  on  the  brake  mass  in  the  axial  mode  are: 

a.  Brake  actuation  force:  equals (brake  pressure)  x (piston 

ares) 

b.  Force  due  to  axial  restraint 
t,  Keyway  friction  force 

d.  Brake  piston  seal  friction  force 

e.  Brake  return  spring  force 

f.  Brake  piston  bottoming  force 

Figure  A1  shows  the  brake  system  and  the  forces  acting  in 
the  axial  mode.  Each  of  the  axial  forces  is  established  as 
follows : 

a.  Brake  Actuation  Force 


The  brake  actuation  pressure  Pe  is  received  as  an  input 
from  the  hydraulic  system.  The  brake  actuation  force  is 
given  by  P«  Ptt?  ,  where  fop  is  the  total  brake  piston  area. 
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Figure  A1  Forces  Acting  on  the  Brake  Discs 
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b.  Force  due  to  Axial  Restraint 

The  axial  restraining  force  reflects  the  elasticity  in  the 
brake  discs,  the  back  plate,  and  the  piston  housing  and  is 
a  function  of  their  cumulative  displacements.  A  way  to 
derive  this  characteristic  is  from  a  curve  of  brake  volumetric 
displacement  vs.  brake  pressure.  This  characteristic  does 
not  include  friction  or  return  spring  effects. 

bet  Fe  denote  the  force  due  to  axial  restraint.  And  be 


defined  by 

(1.1) 

Fe  -  Fqi  +  Fez 

(1.2) 

Fe  i  a  fc#i  ( *-0191  Xf 

/.c  Xp 

-VO 

u -  Xt>  z  Set 

(1.3) 

Fez  -  CCeziXp- Fez) 

If  Xfi  ^  S&2. 

Jo 

X? 

c.  Keywav  Friction  Force 


Let  the  keyway  friction  characteristic  be  defined  by  a 
function,  <5>  ,  as  shown  in  Figure  A2  and  expressed 
mathematically  as: 


(1.4)  (jp 


( 


\.0 


t-  (  Kt/vfs 

0,0 

1*  (  l  Rh)  Xpy^Fr 


if  >Xo>  o 
IF  X  P  =0 

t  F  0  >  X  P  ^  -l£ff 
//»  -\/pS  i  Kf 
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Figure  A2  Keyway  Friction  Characteristic 


The  brake  torque ,  Tar  , is  tranf erred  to  the  wheel  and  tire 
through  the  rotor  keyways.  Torque,  Tbt  ,  is  also 
transmitted  to  the  axle.  The  major  portion  is  transmitted 
through  the  stator  keyways.  The  remaining  portion  of  the 
torque  is  transmitted  as  piston  side  loading  which  results 
from  friction  between  the  pistons  and  the  pressure  plate. 
Let  100  H 81  denote  the  percentage  of  brake  torque  transfer¬ 
red  through  the  stator  keyways  and  let  100  Hat  denote  the 
percentage  of  torque  transferred  through  the  pistons. 
Naturally,  Hgi  Kb*  e /.  The  normal  force  on  the 

stator  keys  is  thus  HeilTerl/RBi  }  while  the  normal  force 
on  the  rotor  keys  is  (Tgrl /Ree.  The  total  keyway  friction 
force  is  then  given  by 


(1»5)  Fkp  =  | Tbt |  Qf  JLLk,  ( Hh/Rh  *  l/Re*) 

d.  Brake  Piston  Seal  Force 

Let  F on.  denote  the  seal  frictitn  force.  Then 

(1*6)  For  -  ($F  (  Hor c  *  HeFp  Ri  ♦  {Ttr\/irp 
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e.  Brake  Return  Spring  Force 
The  piston  return  force  Fe«  is  given  by 
(1.7)  ha*  =  Fsr©  Ce*  Xp 


f.  Brake  Piston  Bottoming  Force 


In  the  brake  released  condition,  an  axial  force  is 
developed  between  the  pistons  and  housing  to  balance 
return  spring  preload.  This  piston  bottoming  force 
is  defined  as: 

(1.8)  F88~f~  C§m  (Xt-Sto)- Dm  ke  r0*  Xp- Set 

C  o  for  X?>See 

This  concludes  the  discussion  of  the  axial  brake  forces. 

Let  Rkr  be  the  number  of  rotors.  Let  VVd  be  the 
relative  angular  velocity  between  the  rotors  and  stators 
as  received  from  the  wheel  and  tire  system.  The  brake 
torque  T$t  is  then  given  by 

(1.9)  7a t-  Fe  Rqtj/j 


Where  jUs  is: 


(1.10)  4/g  *  C pyrfaz  Q  8  ^ 


if  V$>o 

if  »fe=o 

Vb<Q 


Where  Vk  Is: 

0.11)  Vs  -  Rev Ws 


Summing  the  forces  in  the  axial  direction  yields: 

(1.12)  VI tee  Xf>  =  Re  Bee  -Fe~ F<e  -  F&r.  -Fe/t  +  Fes 

In  Equation  (1.12)  Woe  is  the  brake  mass  which  experiences 
axial  motion.  Generally,  W/an  is  the  brake  heat  sink  mass. 
Figure  A3  shows  the  relationship  of  the  brake  system 
equations.  Table  A2  lists  the  system  parameters. 
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Figure  A3  Brake  Assembly  Equation  Flow  Diagram 


B*  Parameter  Evaluation 


Figure  A4  shows  a  plot  of  brake  piston  displacement  as  a 
function  of  brake  application  pressure  for  a  new  brake. 


Brake  Application  Pressure  (p*'0  KfO~^ 
Figure  A4  Brake  Pressure  Volume  Characteristic 

Assuming  that  no  frictional  effects  are 

present,  CBR  and  CB,  can  be  derived  as  follows :Since  the  initial 
slope  is  due  to  spring  return  force  only,  then 

(1.13)  C„  =/AP’|A1p  =/eo\03.3)Z  -  8850  lb /in 


From  the  other  slope  on  the  curve 


For  a  new  brake  C 


Assuming  that  the  discs  all  move  together,  since  the  heat 
sink  weight  Is  138  LBM,  then  We*  *  138/386  ■  ,358  LBF 
SECHIN.  The  natural  frequency  is  then  LUn  m  Tf~K/ 
ok  UJn  «=  l(b.z*  io* yt. iso)  -  13! £  Rfio/rec 
Assuming  that  -  .01  (see  page  117), 

(1.15)  Dei  -  V.Cqx  _  (*oi)(6.Zxios)  *  i *7/  Jbf  sec //n 

to*  (/J/£) 

It  is  assumed  that  Xp  »  0  when  the  brake  pressure  is  100 
psi.  Thus 

(1.16)  Fep*  *  ftep  Pe=  (/3.3)C/0d}=  /&o  ttF 

3 

Since  the  brake  piston  displacement  is  1.55  IN  before  the 
brake  discs  come  into  contact,  then  Set  -  1.55/13.3  ■  .1165  in. 

Since  the  F-lll  brake  has  8  stators  with  14  rubbing  surfaces, 
Hsi  cannot  be  greater  tnan  1/14.  A  conservatively  high 
value  of  Hsi  *.05  has  been  assumed  and  it  follows  that 
Hez  -  .95. 

The  brake  piston  seals  are  equivalent  to  MS28775-219.  The 
seal  friction  force  is  established  using  the  procedures 
described  in  Reference  4.  The  seal  sliding  friction  force 
is  a  function  of  rubber  compound  hardness,  amount  of  in¬ 
stalled  compression,  length  of  rubbing  surface,  seal  groove 
projected  area  and  applied  hydraulic  pressure.  For  the 
MS28775-219  size  seal  having  10  percent  installed  compression 
and  70  degree  Shore  A  hardness  the  sliding  friction  force  is 
2.88  lbf  plus  0.02  lbf  per  psi  applied  pressure  per  seal. 

There  are  10  pistons  in  the  brake  housing;  therefore, 

(1.17)  Hofc  «=  (io)L2.88)=  ?e.e  IbF 

(1.18)  Hoff  =  (io)(o.02)  -  0.20  ibf/psi 

Conservatively  high  values  for  the  friction  coefficients  z/K 
and^Arf  are  estimated  as  Mk  *  J-5  an *  .10.  is 

estimated  to  be  1.50. 

Values  for  the  following  brake  dimensional  characteristics 
are  then  from  the  appropriate  brake  component  drawings: 
rbi  .  4.40  IN,  Rbt  -  6.25  IN,  and  RBD  -  8.25  IN. 
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Observations  of  braking  stops  indicate  that  for  an 
average  F-lll  brake  lining, 

UB|  -  .15 

-  .10 

=  .03  SEC/IN 
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Table  A2  Brake  Assembly  Parameters  (Sheet  1  of  2) 
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Table  A2  Brake  Assembly  Parameters  (Sheet  2  of  2) 
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2.  iiRAKE  ACTUATION  HYDRAULIC  SYSTEM 


The  hydraulic  system  Is  the  brake  actuation  power  source 
and  is  made  up  of  the  four  components  as  shown  in 
Figure  A5  :  the  pilot's  metering  valve,  the  antiskid  con¬ 
trol  valve,  *;ne  control  line,  and  the  brake  piston  housing. 
The  pilot's  metering  valve  is  a  pressure  regulator,  usually 
having  a  mechanical  input,  which  has  a  steady  state  output 
pressure  (Fmv)  at  a  level  commanded  by  the  pilot  (Pcom), 

The  antiskid  valve  is  a  pressure  regulator  which  has  a 
steady  state  output  as  dictated  by  the  antiskid  control 
device.  For  a  modulated  antiskid  system,  the  control  valve 
is  a  variable  pressure  servo  type  regulator  and  for  an 
ON-OFF  antiskid  system  the  control  valve  is  an  ON-OFF  valve. 
The  control  line  is  simply  the  fluid  transmission  line  or 
containment  vessel  connecting  the  control  valve  to  the 
brake  housing.  The  brake  housing  is  a  collection  of 
cylinders  and  pistons  which  act  to  compress  the  brake  discs. 
From  a  hydraulic  system  aspect,  the  control  valve  is  a 
variable  area  orifice,  where  the  orifice  area  is  a  function 
of  spool  position.  The  control  valve  spool  position  is 
received  as  an  input  from  computations  described  in  a 
section  devoted  to  the  operation  of  the  control  valve. 

In  the  description  of  the  brake  actuation  system,  there  are 
two  principal  effects  which  should  be  accounted  for.  Ths 
first  is  the  time  lag  which  exists  between  the  control  valve 
output  pressure  (Pcv)  and  the  actual  brake  pressure  (Pb) . 
This  lag  is  caused  by  the  fluid's  resistance  to  flow  due  to 
inertia  and  friction  and  by  the  brake  pressure's  dependence 
upon  fluid  volume  within  the  pressure  cavity.  The  second 
effect  is  the  instantaneous  brake  pressure  intensity  as 
influenced  by  fluid  inertia  and  the  combined  elasticity  of 
the  fluid  and  the  pressure  cavity.  Rapid  valve  operation 
can  cause  pressure  overshoot  and  oscillation  due  to 
"water  hammer"  effects.  This  overshoot  can  cause  excessive 
brake  torque  and  may  interfere  with  proper  control  valve 
operation.  The  pilot's  metering  valve  pressure  drop  and 
response  characteristics  are  included  in  the  actuating 
system  description  so  that  these  effects  upon  antiskid 
operation  can  be  examined.  To  allow  for  a  variety  of  brake 
actuation  systems  which  might  be  encountered,  provision  is 
made  to  accommodate  both  hydraulic  and  pneumatic  actuation 
media.  The  line  connecting  the  control  valve  and  the  brake 
can  be  treated  as  a  separate  fluid  cavity  or  the  effects  of 
its  volume  may  be  lumped  with  the  brake  as  would  be  appro¬ 
priate  for  a  short  line. 
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Pilot's  Brake  Pedal 


I  Input  Command  Antiskid 


Figure  A5  Hydraulic  System  Components 


Xp 


Figure  A6  Hydraulic  System  Schematic  for 
Options  1,  2  and  3 
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A.  Mathematical  Description  (Options  1,  2  and  3) 

Figure  A6  is  a  schematic  of  the  brake  hydraulic  system. 

The  analytical  procedures  of  References  S  and  6  are 
utilized  to  mathematically  describe  the  system. 

Let  PrQM  denote  the  brake  pressure  which  is  commanded  by 
tne  pilot  and  define  PcOM  such  that  it  increases  from  a 
minimum  value,  Pr  ,  (reservoir  pressure)  to  the  desired  steady 
state  value  Pgp,  as  a  linear  function  of  time  over  an 
interval,  Tgp,  as  follows: 


(2.i)  pco^=  r(pc-pR)/rcp 

Pee 

*  Pn  if  o±T -Tee 

if  icfi <r 

The  metering  valve  attempts  to  maintain  at  the  level 

of  P(^om*  The  metering  valve  spool  displacement  is 

defined  by  equations  (2.2)  and  (2.3). 

(2.2)  VMV  - 

(5 /nV  ( Pco/n  -/Yrn/') 

(2.3)  Xjjy  ■ 

j  /M*/  [  0}  YmvJ 

■S  Vmv 

/  ni*x.  l  0}  Vmi/} 

l  F  -S’/n Vo  —  Xmi' 
l  F  'S/n vi.  *■  Xmv  e  Smvu 
if-  X  mW  “  S MVC. 

Let  be  a  function  defined  as  follows: 


(a)  For  hydraulic  fluid 

(2.4)  <Y>  <  X,  Y>  =  S/6M  (X-  Y)  fjx-Yl 

(b)  For  compressible  pneumatic  fluids 

(2.5)  if  X>Y  <S  od  X  Y.  Y/Rciot  WH£*£  XYc*/r  =  [z/ '£}*')} 

p<X)Y>  =  kQ~  /[(Reft! jfa] 

if  K^Y  and.  x  -  y/Rcrit 


if  Y -  X  and  Y~x/f?cR<r 

<pu,v>  =  -^<£X> 

ip  Y>X  And  Y-  x/R.cr\x 
p<X,Y>  =  -?<Y/X> 
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Let  be  defined  by: 

(2.6)  Aiviv  C*>  -  f  Amvo  *<  *  ^MVo 

'  IV)3LX  l  AmvL  j  ^  A( \/)V&  S  ^  hOVO  1  ti  %<•  <5mvO 

Let  AMvS,  andAMVR  be  defined  by: 

(2.7)  A  MVS  C  Afov  ^  ^ 

(2.8)  A/V|V|£  ”  AmV4^- 
Then 

(2.9)  Qs  =  A^vs  ^  ^  >  Fmv) 

(2.10) Qc.  “  A(V|  ve  4  ^  Pj z  ? 

Let  VMVv  bo  the  fluid  volume  from  the  output  of  the  meter¬ 
ing  valve  up  to  the  input  of  the  control  valve. 

Then 

(2.11)  Pmv  =  (  BMv/VmvvXQs  _(?e  “ *?mv  ^C’cvi) 

Let  Atv<*>  be  defined  by: 

(2.12)  Acv^01^  ~  /  Acvo  iffc^Scvo 

*  ma*  {  Acyu  j  x  AcVo/Scvo}  itxcSMifo 

Let  Acys  and  ACvg  °e  defined  by 

(2.13)  Ac  vs  -  AcvOcv  -SCl) 

(2.14)  Acvr.  ”  Acv  -  Xcv  ) 

Then 

(2.15)  Cpfvjv  -  Acvs  4  s  PWw  )  ^cv) 

(2.16)  C?cvr.  =  Acve  4  ^  Pcv  >  P eve  ) 

(2.17)  R:vr  “  (  Bcvr.  /  Vcv^)C(?6vc  ~Qrc  +Qcvj  ) 

(2.18)  Qec  “  Aec  ^  ^  Fcvi?.  ^  Pr  ^ 
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Tiie  volume  of  the  cavity  occupied  by  the  brake  actuation 
media  is  established  by  equation  (2.19)  as  follows: 

(2.19)  Va  =  Vao  +  X p 

Three  options  for  the  control  line  mathematical  description 
are  provided  to  cover  a  variety  of  circumstances  which  may 
be  encountered.  The  third  option  is  representative  of  a 
typical  aircraft  installation  and  is  used  in  analyzing  the 
F-lll  system. 

The  first  option  is  for  a  control  line  with  hydraulic  fluid 
considering  volume  effects  only.  This  option  will  not  pre¬ 
dict  "water  hammer'  but  is  satisfactory  for  many  cases, 
particularly  for  the  case  of  a  short  control  line  50  inches 
or  less  in  length.  The  following  equations  describe  the 
first  option: 


(2.20a) 

Qcv  - 

-  Qcv^  +  QcvZ. 

(2.21a) 

Pcv  = 

(  Be/Ve)  L  Qcv  -  /1bps  Kp) 

(2.22a) 

Pa  i  . 

Pcv 

(2.23a) 

P0  - 

Pei 

(2.24a) 

Qe  - 

Qcv 

The  following  equations  are  applicable  to  the  second 
option  for  the  control  line  using  compressible  pneumatic 
fluid. 

(2.20b)  Qcv  =  Qm v  ~  Qcv*  ^ Qcv* 

(2.21b)  Pcv  =  (B»/4) ( Qcv  -  Pc,  At akr/Ba) 

(2.22b)  ft,.  p„ 

(2.23b)  pd  -  PeI 

(2.24b)  Q6  = 
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Figure  A  7  Kycraulic  System  Equation  Flow  Diagram 
for  Options  1,  2  and  3 
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The  third  option  is  for  a  control  line  with  hydraulic  fluid 
where  both  volume  and  inertial  effects  are  considered  and 
is  described  by  the  following  equations: 

(2.20c)  Qcv  -  (  Pei  - Dr9lQci/  ~Dtol  &ci/jC$cvij 

(2.21c)  Pcv  -  (£>8i./\/st)(sG£mv  ~  Qcv/i  -  (pc*  i- Qc*2) 

(2. 22c)  4r  -  {Ssl /fa)( Q  c/~  (2s) 

(2.23c)  Qg  =  /he  ?<PeZ;  Pe, > 

(2.24c)  Pg  =  l Ss Qg  -  PsssXfi) 

An  Option  4  Hydraulic  System  is  described  to  provide  a 
simplified  mathematical  description  of  the  hydraulic  system 
wt:ich  does  not  account  for  metering  valve  transient  spool 
movement.  For  this  model  the  metering  valve  is  assumed  to 
be  full  open  for  hydraulic  flow  the  the  brake  and  fully 
closed  for  hydraulic  flow  from  the  brake.  Hydraulic  flow 
direction  and  amount  is  established  by  control  valve  spool 
position  as  shown  schematically  in  Figure  A8.  In  addition 
the  brake  piston  velocity  is  defined  as  the  brake  hydraulic 
flow  rate  divided  by  the  piston  area  so  that  the  hydraulic 
volume  is  the  integral  of  the  flow.  Option  4  hydraulic 
system  mathematical  description  is  developed  as  follows; 


Figure  A8  Option  4  Hydraulic  System  Schematic 
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Let  Pcj>  denote  the  brake  pressure  which  is  commanded  by  the 
pilot.,  Let  Pfv/  ,  metering  valve  output  pressure  increase 
from  a  minimum  value,  P/i  ,  (reservoir  pressure)  to  the  desired 
steady  state  pressure,  Pcor*  ,  as  a  linear  function  of  time 
o/er  an  interval, Tcp  ,  as  follows: 

(2. Id)  P/a,\Z-  T  LPcp~Pa) /TcP  t  Pr  if  o  -  T -'Tcp 

=  Pcp  if  T  >Tcp 

Let  the  brake  pressure,  Pe  ,  be  a  function  of  brake  fluid 
volume  as  follows: 

(2. 2d)  PQ'-PGi  t  Psi 

(2.3d)  P&t  -  Pm>.  i-  C#i//  Z/3  if  0  -  V/3 

~  O  ,f  Z/3  >  Z&c. 

(2. Ad)  Pfz.  '  Pe# I  f  C&VZ  Zo  ,r-  Zsc  ^  Z/3 

-  0  /F  0  ^  Z/3  -Voc. 

Let  the  control  valve  flow  area  for  brake  application,/?^  , 
be  defined  as  a  function  of  spool  relative  position: 

(2„5d)  /)ci/S  -  Aci/So  u~  Pct/o 

/yiAK  f  Xcs  LAtss<?i/fc'/j{  tr-  Xt£  Peso 


In  a  similar  way,  let  the  control  valve  flow  area  for  brake 
release, Pc/R ,  be  defined  as  follows: 
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Then: 

(2./d)  ■=  /Ici/S  <jt  <C  Pmi/ j  ?fi)> 

(2.8d)  Q&fl  -  Acv/i  4  <  Pe ,  PfC> 


Where  the  function  <v  is  as  previously  defined  by  equation 
(2.4) 

(2.9d)  <£>g  r  $  w  -  $  CV*. 


(2.10d) 


For  compatibility  with  the  other  hydraulic  system  options 
as  they  interface  with  other  systems/ 

(2. lid)  Pctf  -  Pe 


<2.i2d)  Pan  =  P« 


Figure  A9  shows  the  Option  4  Hydraulic  System  Equation 
.’low  diagram. 

In  this  study  the  brake  system  hydraulic  supply  pressure, 
Ps,  is  treated  as  a  constant.  If  Pg  varies  significantly 
due  to  operation  of  other  aircraft  hydraulic  system  equip¬ 
ment,  this  variable  pressure  defined  as  a  function  of  time 
may  be  used. 


Ill 


Hydraulic  System  Equation  Flow  Diagram 


B. 


Parameter  Evaluation 


For  this  study  the  third  optional  control  line  description 
as  applied  to  the  F-lll  is  of  primary  interest.  For  this 
case  MIL-H-5606  hydraulic  fluid  is  used.  The  hydraulic 
fluid  properties  for  a  mean  temperature  of  100°F  and  1500 
psi  are; 

(1)  Adiabatic  bulk  modulus:  8-  248,000  psi 

(2)  Density:  /?*©*. 781  x  10“4  LBF  SEC2/IN4 

(3)  Kinematic  viscosity:  .0267  IN2/SEC 

The  system  supply  pressure  is  3000  psi  and  the  return  pres¬ 
sure  is  100  psi.  Initially,  all  flows  are  zero  and  all 
pressures  except  the  supply  pressure  are  at  100  psi.  The 
pilot's  input  command  pressure  Pqq^  is  also  100  psi.  The 
pilot's  input  PcOM  will  go  from  100  to  1500  psi  in  0.2 
seconds.  Thus  TCp  =0.2  sec  and  PCp  =  1500  psi. 

Metering  Valve 

When  the  metering  valve  spool  is  centered,  the  flow  area 
is  essentially  zero  for  both  the  return  and  supply  lines. 

In  this  spool  position  Xi*v  =  0.0.  From  equation  (2.3)  the 
spool  is  constrained  to  stay  between  Smvl  and  Swvu. 


For  the  metering  valve,  =»  -  ,06  in  and  Sm*u  -  .06  in. 

However,  when  Xmi/  is  at  +  .05,  the  valve  trea  has  reached 
its  maximum  for  the  f low  Qt  .  When  ■  -  .05,  the  area  is 
maximum  for  the  return  flow#*.  Thus  St** °  •  .05.  By  actual 
measurement,  with  the  valve  full  open  (area  -  /?m^  )  at  100° 
F,  the  flow  is  9.23  in^/sec.  at  200  psiAP.  Thus  from  (2.9) 
or  (2.10), 

(2 . 25)  fiflVo  =  Q./'fKf- *  z3 'JiMO  tN4/($ec)l  i/»f)  i/x~ 


In  the  F-lll  system,  the  metering  valve  is  situated  next  to 
the  control  valve  so  that  the  volume  is  quite  small. 

was  calculated  from  the  valve  drawing  as  being  about 
1.0  in^.  Also,  the  valve  body  is  considered  to  be  much 
stiffer  than  the  hydraulic  fluid  so  that  the  effective  bulk 
modulus  is  the  fluid  modulus.  Thus, 3*  -  248,000  psi. 

GpW  was  estimated  from  analog  studies  to  be  about  .05. 

Control  Valve 


For  the  control  valve,  Xcv  **0.0  when  the  spool  is  centered. 
At  this  point  the  flow  area  is  zero  so  that /)e/u  *  0.0.  The 
flow  area  remains  zero  for  -  .005  *  Xcvs  .005.  Thus  the 
valve  has  an  overlap  of  .005  in.  and  So l  m  .005.  An  addi¬ 
tional  movement  of  .030  in.  produces  full  area  so  5"evb  *  .030. 
By  actual  measurement  at  this  position  at  100°F,  the  flow 
is  7.7  in^/sec.  at  50  psi  A  P.  Thus 

(2.26)  /\vl0~Gt/'m-*'7,7/17e=  I- Ole  ,*yisec)LWY/x- 


The  following  values  are  estimates  of  the  return  character¬ 
istics  of  the  control  valve:  Vcv*.  ■  2.0  in^,  »»  248,000 
psi,  /?*c  «  1.0  in4/(sec)(lbf)l/2. 

Control  Line 


The  control  line  is  1/4  inch  outside  diameter  steel  tubing 
having  0.14  inch  wall  thickness  and  internal  cross  sectional 
area,  /)bl  ,  equal  to  .0386  in  .  Because  of  the  thin  wall, 
the  tube  elasticity  greatly  reduces  the  bulk  modulus.  The 
equivalent  bulk  modulus,  ffe,  may  be  calculated  from 


(2.27) 


8*-  8 
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Where  B  -  Fluid  bulk  modulus 

E  *  Young's  modulus  of  tube  material 
D  -  Mean  tube  diameter 
t  -  Tube  wall  thickness 


Thus 

(2.28)  Bbl 


21-QOOO _ 

(.Z+ZHO^t.ZSt,) 
(30xi0*)(.0li)  + 


2/7,  700  fir* 


The  control/line  length,  SgL»  is  191  inches  with  various 
types  of  flow  restrictors  according  to  the  following  table. 


Table  A3  Control  Line  Restrictions 


Description 

“K"  Value* 

Number  n 

nk 

An815-4J  Union 

.54 

1 

.54 

AN832-4J  Union 

.54 

1 

.54 

AN821-4J  Elbow  (90°) 

1.23 

4 

4.92 

AN837-4J  Elbow  (45°) 

.89 

1 

.89 

90°  Tube  Bend 

.01 

12 

.12 

90°  Hose  Fitting 

1.25 

1 

1.25 

Total 

8.26 

KV^/2g  Where  V  is  the  velocity  in  the  line. 


The  "KM  values  in  Table  A3  were  derived  from  information 
contained  in  Reference  5. 

Equation  (2.20c)  is  the  result  of  summing  forces  on  the 
mass  of  fluid  in  th£  control  line.  The  friction  losres 
are  depicted  by  a  turbulent  flow  loss  Dtbl  Qcv  and  a  lami 
nar  flow  loss  D*bl  Qcv  It  is  assumed  that  all  the  turbu 
lent  flow  losses  come  from  elbows,  etc.,  which  are  listed 
in  Table  3.  The  loss  due  to  the  line  itself  is  considered 
to  be  always  laminar.  This  assumption  of  laminar  flow  for 
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? 

I 

Che  line  is  justified  for  two  reasons:  (1)  the  loss  in 
the  line  is  small  compared  to  other  losses  in  the  system; 

(2)  the  flow  is  normally  laminar  anyway  (Reynolds  Number 
is  less  than  6000  for  the  F-lll  system). 

For  the  turbulent  losses 

(2.29)  AP- 

-  K/>  vy 2. 

'  i^p/2^)  & 

Thus 

(2.30)  Dt8l  *  Kp 

Z 

_  {Q.ZLf.ZZUlo'*) 

Z.  L.  OSS’6)’- 

-  -  Z/ b  Jbf  sec  ‘’//tf  e 

For  laminar  losses,  at  temperatures  normally  encountered, 
the  "oscillatory"  friction  is  higher  than  the  steady  state 
friction.  See  Reference  9.  The  pressure  loss  can  be 
written  as 

(2.31)  AP  -  Ru  (.L//-)2}  Q. 

For  the  steady  state  case  as  shown  in  Reference  6, 

(2.32) 

In  Figure  10  values  for  this  theoretical  steady  state  Rl 
are  compared  over  a  range  of  temperatures  to  values  from 
Reference  9  which  were  experimentally  established  for 
oscillatory  flow.  Since  the  hydraulic  flow  in  the  brake 
control  line  associated  with  antiskid  operation  is  transi¬ 
tory,  the  laminar  flow  resistance  base  on  experimental 
measurements  for  oscillatory  flow  is  used. 
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Experimental 

•’Oscillatory" 


Theoretical 
Steady  State 


Temperature  (  F) 


Figure  AlO  Hydraulic  Fluid  Damping  Characteristic 

From  Figure  AlO  at  100°F  ft.  f or  the  experimental  oscillatory 
case  is  1.5  X  10“4.  LBF  SEC/IN2 


Therefore: 

(2.33) 


Dr8L*  -  ( /5~  x  /o' 

(rfei.)2  (.03QG)Z 


*  /f.22  Iblr  sec. f/h* 

When  a  "lumped  parameter"  type  analysis  as  described  by 
equations  (2.20c) ,  (2.21c)  and  (2.22c)  is  used  for  the  con¬ 
trol  line  the  resulting  natural  frequency  is  somewhat  lower 
than  the  actual  line,  if  the  actual  line  volume,  VW  ,  is 
used.  The  value  of  Vbl  is  adjusted  as  follows  to  achieve 
the  correct  natural  frequency  for  the  "lumped  parameter" 
description. 


Consider  hydraulic  fluid  flowing  through  a  line  with  cross 
sectional  area,  A,  and  divided  into  segments  having  equal 
length,  S,  as  shown  below. 


If  each  segment  is  treated  as  a  separate  pressure  vessel 
having  volume,  V,  with  a  flow  in  and  a  flow  out,  and  if 
equations  of  the  form  of  (2.20c)  (2.21c)  and  (2.22c)  are 
written  for  these  pressure  vessels,  neglecting  friction, 
the  fcllowing  expressions  are  obtained: 

(2.34)  <j*  „  Q/t/f,  S)(  P,  -  Pi) 

(2.35)  p,  «  (0/yX «.-««.) 

(2.36)  p*  . 

By  substituting  equations  (2.35)  and  (2.36)  into  equation 
(2.34)  differentiated  once  with  respect  to  time  the  fol¬ 
lowing  differential  equation  is  formed: 

(2.37)  GU  =  )] 

or 

(2.38)  GU*2l*e//>Si/)Q,.  =  LAB/fSv)(Q,«2,) 

Equation  (2.38)  establishes  that  the  natural  frequency  of 
each  line  segment  is: 

(2.39)  f  css 

ZTT  J/oSV 

However,  vibration  theory  considering  distributed  mass  and 
elasticity  establishes  the  speed  of  sound,  C,  in  the  line 
as: 

(2.40)  C  -  i  B/fi  m /sec. 


For  fundamental  mode  oscillation  in  a  closed  end  tube  having 
length, 5,  the  natural  period, Tc,  is: 

(2.41)  Jc  *  2S/c  s*c 

Therefore,  the  natural  frequency,  ,  of  an  actual  tube 
segment  is: 

(2.42)  =  l/Tc  -  0/25)  fd/p  CPs 

By  equating  the  two  expressions  for  natural  frequency, 
equations  (2.39)  and  (2.42),  the  volume  of  the  line  segment 
which  will  have  the  same  natural  frequency  as  the  actual 
is  established  as: 


(2.43)  Z/tJ/rr2 

Thus, 


(2.44)  2_  faSeL. 

rr*- 


Brake  Housing 


=  (*)('Qj0i,y/r/) 


The  brake  housing  has  ten  pistons  of  1.33  in^  area  each. 
Since  the  number  of  pistons  serviced  by  one  control  line 
is  five,  then  A&ps»  5(1.33)  =  6.65  in*. 

The  fluid  volume  in  the  brake  housing  with  the  pistons 
bottomed  (Xp  =  o)  is  8.00  in  .  Thus  V&o  ■  4.00  in^  or  one- 
half  the  total  volume.  The  orifice  coefficient  was 
estimated  to  be  about  2.0  i//4/sec. 


Optional  Systems 


The  option  1  system  neglects  the  line  inertial  effects.  The 
parameters  have  the  same  value  as  the  corresponding  parameters 
for  the  option  3  system,  escept  that  \J$o  should  include  any 
line  volume.  Thus,  for  the  F-lll  system,  with  the  option  1 
system,  \J$C  =  4 oo  +  .0386  U?t)  -  //.M  s*1. 

The  option  2  description  is  used  for  systems  with  compressible 
pneumatic  fluid.  The  appropriate  parameters  will  be  evaluated 
for  nitrogen  at  100°F  as  the  fluid  media  and  Isothermal 
processes  are  assumed  except  for  orifice  flow  calculations . 
While  the  heat  transfer  characteristics  of  the  brake 
system  components  have  not  been  rigorously  evaluated,  the 
usual  component  installation  is  such  that  assuming  isothermal 
processes  is  valid.  The  mathematical  description  of  the  brake 
actuation  control  system  using  compressible  pneumatic  fluid 
is  written  using  equations  of  the  same  general  form  as  for 
those  describing  the  hydraulic  system,  thereby  minimizing  the 
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the  number  of  equations  and  enhancing  computation  flexibility. 
Utilizing  the  hydraulic  equations  when  pneumatic  fluid  is  used 
requires  that  the  appropriate  parameters  be  expressed  in  suit¬ 
able  mathematically  equivalent  terms.  Consider  the  character¬ 
istic  equation  of  state  for  a  perfect  gas: 


(2.45)  p  -  mRT 

V 


And  the  definition: 


(2.46) 


ciP  „  Jrr\ 

Jt  ~  dt 


j ip  >  +  df  Jr 

$V  Ji'  cii 


For  the  assumed  isothermal  process,  substitution  of 
equation  (2.45)  into  equation  (2.46)  gives: 

(2.47)  p  ^ 

For  those  cases,  such  as  for  the  metering  valve  and  control 
valve  pressure  cavities,  where  the  volume  is  not  changing, 

V  is  zero  and  equation  (2.47)  reduces  to: 

(2.48) 

For  hydraulic  fluid,  P  is  described  by  equations  having  the 
form  of  equation  (2.49)  below.  (See  equation  (2.11)  for 
instance.) 

(2.49)  p.  (■£)<$ 

Noting  the  similarity  between  equation  (2.48)  and  equation 

(2.49)  it  is  obvious  that  if  RT  is  used  in  place  of  8  and 
if  tri  is  used  in  place  of  <3  ,  the  "Hydraulic"  equations  can 
be  used  for  computing  performance  of  a  system  using  pneu¬ 
matic  fluid.  Thus,  Bg  -  Bcv*  •  8m*  -  RT. 

For  nitrogen  R  -  662.4  //*  Ihf/lb^F  and  at  100  F 
RT  -  (662.4)  (460  +  100)  -  371  x  106  m  IbP/jbm. 


Since  P/RT  -  M/V,  equation  (2.47)  can  be  written  as 

(2.50)  P-(j£pf£)*J 

Equation  (2.21b)  is  obtained  by  substituting  8s  for  RT  , 
Fbps  Xp  for  V  ,  and  Q  for  rh  in  equation  (2.50),  thereby 
accounting  for  the  change  in  brake  volume  caused  by  piston 
movement. 


Equation  (2.51)  below,  from  Reference  6,  describes  the  mass 
flow  rate  of  a  gas  from  a  container  having  high  pressure, 

Ph  ,  through  an  orifice  of  area,/?0,  to  a  container  having 


low  pressure,  PL  . 

(2.51)  -  -  »(£)  Yy  p-fef* 

Equation  (2.52)  below,  from  Reference  6,  describes  the 
volumetric  flow  rate  of  hydraulic  fluid  through  an  orifice 
under  similar  circumstances. 

(2.52) 

Both  equations  (2.51)  and  (2.52)  can  be  written  in  the  form 
Q,- Ae  Pn,  Pu)  where  /x^Ph/Pl)  is  a  flow  function  as 
defined  by  equations  (2.4)  and  (2.5)  tor  the  appropriate 
circumstances  and  where  ftp  is  a  flow  coefficient  accounting 
for  orifice  and  fluid  properties.  For  the  case  of  hydraulic 
fluids  a  value  of  C o  Ift/p  -  /Aty/bt^sec  .has  been 

established  by  experience  as  being  representative  of  an 
average  orifice  (i.e.,  Co^  0.65).  The  metering  valve  flow 
coefficient, /?Mvo  ,  previously  computed  is  0.653  it)A/sec 
therefore,  the  apparent  actual  orifice  area,  Ao  ,  for  the 
metering  valve  is  Ao~0.i>S3//03.f=  .tS/xto'*/*/*'  . 

For  the  case  of  the  pneumatic  system  with  nitrogen  at  100°F 
as  the  working  fluid  and  using  C p =  2300  in  lbf/lbm?  F,  and 

R  -  662.4  in  lbf/lbm  °F: 

(2.53)  Amvo  -  Co  A i  'll  ZC  Cfl 

Z  f  r 

=  C8)L.&3\xiti'i)  f(z 

-  O.  43  K\0  3  \brn  ir\X/lb  l  jec 

Using  the  same  procedure  establishes  that: 

Ac^o  -  O .  "7/b  *10  Ibf m  1  /  Ibf  sec 

A/ZC  -  O.&S8X103  Ibm  my Ibf  sec 

Table  A4  lists  the  parameters  for  Hydraulic  System  Options 
1,  2  and  3.  The  parameters  which  apply  for  the  Option  4 
Hydraulic  System  are  listed  in  Table  A5. 
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Table  A4  Option  1,  2  and  3  Hydraulic  System  Parameters  (Sheet  1  of  5) 
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*See  notes  on  Sheet 


Table  A4  Option  1,  2  and  3  Hydraulic  System  Parameters  (Sheet  2 


M 

hi  EH 

H  0 

5  fl  H 

m  H  53 

Cc  03  CQ 

H  0-1  CQ 

03  fv  CO  O  CJ 

Q  1 

<*> 

X 

X 

XXX 

X  X 

XXX 

X  X  X  >v  X 

& 

CM 

X 

X 

XXX 

X  X 

X 

X  X  X 

X  X 

o 

rM 

X 

X 

X 

X 

X  X 

X 

is 

X 

(A 

O 

CO 

(d 

a 


<u 

a 


> 


44 

o 


3 

> 


5 


>\ 

U 


°g 


H 
vi  3 
C  VI 
O  V 
O  Vi 


!> 


00 

c 


a 

o 


VI 

g 

o 


VI 

0) 


c  c 


§3 


>3  *3 

si 


VI 

C 

3 

CO 

g 

o 


VI 

0) 

VI 

B 


3  3 

.n  .o 


•3  -3 


3  3 


a  t4 

3  > 

-t  60  « 
O  U 
H  X 
vi  a 
C  •  w 
o  a  3 

U  B  VI 


o  •» 

VI 

>  c 

g  3 

vi  a 

3  c 

o 

5  « 

t-t  co 
3  3 
•O  60  VI 
O  V 

0*3 


•  44 
44  3 
44  O 
3  O 
O 

(I  CO  C 
a  f4 
3  0  3 
CO  1-4  60 

o 

<-13  3 
C  > 
3  yI  <-4 
C  i— !  3 
‘A  > 
H  VI 
C  00 
V  01  c 


a 

vi 

3 

x! 


s 


44 


VI 

3 


3 


3  3 
O  V  V 
3  3 

a  w 
co  co  <n 
3  3 
'VI  Vi  Vi 

o  cv  a 


3 

co 


3  U 
X)  3 
VI  VI 
3 


0  3  3 
■A  JcJ 
VI  3  3 
VI  VI 


CO 

CO 

3 

VI 

a 


3 

> 


3 

> 


o 

V 

VI 


g 


V-l 

o 


3 

> 


V 


V 

3 


OO 

_  Cl  Z  tv 

cn 

3 

hi  3 

o 

CJ 

u 

5 

X  ZHP3 

PQ  r-l 

W 

Ci4 

Cl 

« 

!  -J 

3  M  "v.  i-4 

•-J  ^CM 

3  g 

CO 

CO 

C/J 

W 

3 

$ 


W 

04 


Pu 

3 


<N 

5s 

la 

93 


U  a  a  a  -*4  cm  NNcMNNMNNWNNN^ 


UUIdU 
CO  C/5  CO  c/3 


23  Z  35 ;  sb 


.  ....  «  K  K  2.  Z  Z  ? 

VJ  M  M  l-l  K  M  M  M  Ks 


(4  Ell  Cl  CJ 

3«  23  25 
J  M  M 


io  z 

a  n 

3 

|  [v  Iti  (V  tV  Eii  t*«  IV  k.  tu  E»h  Cv  tv  Cti  Cv 

•r4Bqo3«Jo3P3Mo3ca«5cQ«aip4rj 

—4  nJ  i-4  ij  i-4  i-4  >-4  t-4  «-4i-4k-ii-4— 4nJi-4 


vO  vO 

vO 

vO  <£> 

o  o 

o 

o  o 

i-M  i-M 

i—4 

i— 1  rl 

X  X 

X 

X  X 

CM 

OO  OO 

r-l 

00  1-4 

CM  4>  O 

o 

r-. 

r-l 

r-. 

>J  rsi 

irllOlOM 

O 

o 

o 

o  • 

CM  CM 

O 

CM  O 

O'  CM  O  O  • 

O 

o 

C| 

O  N* 

a  • 

• 

•  • 

i— 4  •  •  •  i— 1 

i-4 

i—l 

H  H 

o  o 


o 


o  o 

\s  w 

OO  00000>0>>>u>>>0>00> 


-I  6 
a  u 
CD  CD 


> 

S 

CQ 


-I  J  2k  -  M  *--i  .  C'  v 

®  <o  s  j?  nm  m  o  r;  ♦  £ 

cSq\d  '<£***£  * 


c 

H  v-i 

$  «> 


\  0 
b  0  *  ^ 


123 


t>3i ii  mi  i  iimr 


i  .ii  ««mv«yin  i  •jioiWMlMftiate. 


Table  A4  Option  1,  2  and  3  Hydraulic  Systeu  Paratuetf  ra  (Sheet  3  of  5) 


CD  O 

a 

ra  Q 

ra 

5 

> 

ra 

ra  i-i 

ra 

/S 

CD 

(fa 

(fa  CD 

V 

CD  fa 

CD 

CD 

CD 

5 

Cfa 

ng  C 

fa 

fa 

fa 

a 

> 

•fa 

>  i-i 

a. 

a  fa 

a 

•  -fa 

i— 1 

fa 

< 

fa 

ra 

CD  i-l 

ra 

> 

• 

c 

fa 

> 

fa 

> 

fa 

fa  m 

i> 

3  « 

X 

3  fa 

ra 

fa 

C  a 

a  m 

ra  CD 

r-C 

a 

B 

O  CD 

u 

fa  ra 

iw 

ra  a 

0 

£ 

o 

0 

O  fa 

c 

I  u 

o 

03  v 

fa 

o 

o 

fa 

a 

o 

6  a 

fa 

fa 

r-C 

>fa 

a 

o 

CD  CD 

a  cd 

g 

»4-l 

ra 

m  w 

CD  CD 

>  fa 

ji 

a 

ft 

2 

• 

V 

>w  C 

>  > 

•fa  3 

X  ra 

o 

CD 

•fa 

I 

CD 

m  fa 

O  O  i— 1  r-l 

fa  ra 

H  \4 

> 

fa 

0 

> 

» 

•fa 

ra  ra 

ra  m 

awo 

r-C 

ra 

»■- 

rfa 

CD  CD 

CD  fa 

>  > 

>  CD 

a* 

O 

« 

> 

bl 

ra 

fa  > 

>  y 

•fa  fa 

3  o 

> 

•fa 

> 

§ 


X  X 

X  X  X 

XX  XX 

X 

X 

X  X 

X 

X 

X 

X  X  X  X 

X  X  XX  X 

X 

X 

X 

X  X 

X  X 

X“XX 

XX  XX 

X 

X 

X 

X 

X 

CM  CM  CM  CM 

z  z  z  z 

C/3  H  Ifa  H  H 
H  MMMM 
W  h  b  b  fa 
Z  03  03  03  03 

5  hM 


CM  CM  CM  CM  CM  CM  CM  UUUUUUUUUOOU 

ZZZZZZZWWWWWWldWWldWW 
HHHHHHHMCnWMWMWMWnMM 

- - - - - - - M's 

b  b  b  b  b  fa  &*o  Sen  Sen  eo  S 

a303CQ030a0303ZPQZCQZZ0aZZ03Z03 


s_/  N_/ 

>00>*fa>00>000> 


5*  3 


U  -a ZC? 


> 

§ 

>  5 

* 

dr 

■OQr 

a 

Qcvs  v(i)  IN3 /SEC 

LBM/SEC 


Table  A4  Option  1,  2  and  3  Hydraulic  System  Parameters  (Sheet  4  oc  5) 


<4-1  60 

a 


V  4) 

a!  X 


s  § 

44  u 

<4-1  <4-1 

§  s 

»-f  r-l 

m  m 

E  E 

3  3 

<U  V 

pi  Pi 


•r4  3 

4-1  0.<44 

ttf  * 

44  JS  1-4  S 

4J  4-1  w 

<0  60  0)  4c 

44  C  >  <44 

3  0)0 

m  r4  0) 

m  >>  <u  u 

<u  4J  a>  >  d 

44  -rl  C  r-l  « 

a  m  t4  a}  4J 

C  r-l  >  m 

r-l  (0  -rl 

«  TJ  1-t  r-l  *a 

o  o  o 

•rlT)  >4  M  rl 

4J  -H  4J  4J  O 

•H  3  B  fi  O 

44  r-l  O  o  a 

o  fa  o  o  co 


/s 

(I) 

> 

r-l  O 

<0  4-1 
> 

T5 
•  V 
•U  co 

0)  o 

G  *“ i  \ 

o  <u 
> 


•  r-4  44  B 

o  o  <4-1 
w  O 

a  r-l  c 
C  CO  0)  41 
<0  >  a 

a  •  «  o 

O  60  44 
0)  4-1  r-l 
r-l  S3  r-l 
r-l  i— I  3 

3  •  O  <4-1 

<4-1  C  o 

•ri  a 

X  cn 


44  C 
0)  O 
&£ 
w  S 

m*  4)  41 

*88 


w  3  3 

44  r-l  r-t 
O  <44  <44 
<44 

0)  0) 

a>  Q)  x  * 


83322 

gHHflW 


X  X  X  X  X  X  X  XX 


X  X  X  X  X  X  XX 


X  X  X  X  X  X 


X  X  X  X  X 


X  X  X  X  X 


OOOOOOOOU  OtI  o 

wwwwwwwwww® w 

cocococococococococoG  CO 

rT"  JScn"  Sen"  £  E  fa 

apQZeqscQZPQZcQ-ri  pnszz 

H  J  H  fa  H  J  H  J  H  Jfl  fa  H  H  H 


o  on  cn  cn 
zy  wazz 

HCOWHHH 


b  o 

U  t  -j  -4  > 

x  «  o  u 

£4£  CO  U>  in 


3 

r  «.  *  £  d 

to  fa  Li*  >  >  > 


Table  A4  Option  1 ,  2  and  3  Hydraulic  System  Parameter?  (Sheet  3  of  5) 


5 

w 

£ 

w 

c& 

o 

w 

W 

a 


CM 


V 

> 

rH 

4 

> 


o 

3 

44 


O 

u 

44 

s 

o 

u 


•  O  44 

4  H  4 

rH  44  •  • 

xi  c  •  g  3  x 

4  5  g  5  O  44 

iH  U  O  H  *H  H 

Xt  -H  44  44  U 

4  <3  44  -H  t4  O 

^  *rl  08  CO  rH 

00  to  O  O  (U  V 

rH  3  o  a  a  >  6 

oh  a 

Xl  Xl  rH  rH  rH 
I4  1IH009 
C44OO00rHO 

ou  o  a  a  a  a  o 

OgO.UWntOr-4 


44 

c 


s  X 

O  44 

4 


V 

4  4  13  > 

>  > 

3  «  §  6 

>  >  44  44 

<n  co 

00  00  CO-H  -H 

-h  c  c  c  a  a 

O  *H  'H  tI 

It  It  It  X  91  4 

“  4  4  X  X 

44  44  4  4 


(0 

C  4 
4  4  > 

4  >  rH 
rH  4 

4  >  > 

iH  4 

Xt  g 

V  3  44  91 
44  rH  C  44 
4  O  Otl  4  4  It  X 
EXJESEmm 


xxxxxxxxx 


xxxxxxxxx 


<s> 

H 

M 

ss 


u 

o 

w 

w 

V) 

</> 

u 
u 
w 
c*i 

zzzzzzzzz 

MHWWMMWHH 


w 

> 


til 

Ch 


o 

o 


CM 


O 

o 


o 

o 


>  i  >  >  >  > 

;£:£  >  xx  x  *x  x*x 


DC 

> 


r-> 

cn 

i 

tr> 

cn 

4 

00 

4 

a 


•o 

4 

C 

•tH 

4 

iH 

a 

x 

at 

w 

d 

cn 

o 


CM 


g 

•H 

44 

fr 

O 


g 

•rl 

44 

4 

O 

•rl 

rH 

a 

a 

4 

in 

4 

44 

o 

c 

4 

•a 


I 


126 


i— i 

iH 

o 

0 

Xt 

Xi 

44 

44  • 

g 

• 

3  10 

o 

•o 

5  44 

o 

iH 

o  o 

3 

4 

4 

rH 

4  <44 

jc 

44 

,3  <4H 

44 

44  4 

4 

Cl 

•rl 

4  4 

u 

44 

Xt  -H 

4 

4 

4  44 

a 

JC  X4 

9 

>  4 

rH 

4 

3 

•o  e 

i 

”0  iH 

t4  O 

& 

•rl 

3 

3  -g 

rH  CO 

4 

rl  3 

4H  44 

rH 

<*H  4 

0 

,C 

O  4 

tH 

O  4 

iH  <4H 

4 

iH  a 

rH  <4H 

CD 

rH  9 

3  4 

4 

3  rH 

4 

Xt 

4  O 

Xl  4 

a 

Xi  > 

•o  H 

a 

•o 

x  9 

0 

XJS 

JC  rH 

0 

.C  « 

o 

o 

9> 

00 

H 

g>-° 

M 

iH  w 

rS 

iH  CD 

cn  it 

4 

4  Xt 

3  4 

3 

3  4 

T3 

•a 

a  "H 

a 

a 

4  4 

4 

5  4 

w  6 

44 

44  C 

4  O 

4 

4  O 

X  O 

X 

X  0 

ta 

co 

4 

H 

3  g 

g 

e  8 

O  -H 

5 

6  iH 

fH  44 

•H 

•rl  44 

44  a 

44 

44  a 

4  -H 

4 

4  -rl 

3  X< 

3 

3  X4 

44  O 

44 

£»  o 

O  10 

O 

O  4 

4  4 

4 

4  4 

•o 

•o 

4 

4 

4 

M  4 

M  4 

4  n 

4 

4  3 

Xt  * ^ 

Xl 

Xt  -rl 

U3  rH 

CO 

CO  *H 

rH 

CM 

r» 

cn 

rf 

g 

fH 

g 

•rl 

g 

•rl 

U 

44 

44 

£  &  £ 


•5 

"X 


M 

Ll 

CM 

f 

>*  >* 

0) 

V 

M 

H  r-4 

CJ 

0)  o 

44 

> 

3 

a  a 

H 

44 

>  u 

O 

r-4 

cj 

CL  CL 

H 

< 

CJ 

H 

K 

CO 

0) 

J  3 

3 

O 

4J 

«  0) 

9 

r-4 

> 

u 

m  co 

g 

i 

1 

<0 

o 

>  > 

B 

4J 

3 

r-4 

4J 

H 

01 

0)  0) 

0) 

CJ 

4J 

g 

00  co 

Ll 

V 

o 

> 

>  > 

> 

g 

g 

5 

g  4J 

a  > 

O 

0 

Lc 

1-4 

r-4  iH 

i—l 

0) 

0) 

o 

5  a 

CJ  14 

44 

Xi 

4J 

CO 

CO  CO 

C0 

t4 

t4 

0) 

a  co 

O 

Ll  i-4 

C/5 

g 

> 

>  > 

> 

O 

O 

> 

0 

u 

3 

0)  O 

r4 

V 

o 

t4 

t4 

H 

m 

o  g 

CJ  Lc 

0> 

0 

o 

r4 

H  H 

H 

44 

44 

0) 

<0 

•H 

co  5 

Jk! 

0 

0 

o  o 

o 

44 

44 

0) 

u 

> 

T3 

*rl  O 

<0 

a 

Ll 

V4  LC 

LC 

0) 

0> 

1 

u 

3 

T3 

0 

O 

Lc 

co 

CJ 

4J 

4J  CJ 

4J 

O 

O 

c 

3 

a 

H 

0) 

o 

44  O 

35 

a 

g 

g  g 

g 

a 

O 

CO 

co 

o 

LC 

Ll  CO 

o 

0 

0) 

V 

5 

o  o 

o 

CO 

a) 

Ll 

O 

01  i4 

CO 

a 

O 

> 

i4 

o 

o  o 

u 

V 

flj 

0) 

V4 

CJ 

44 

CJ  T> 

i4 

D  o 

CJ 

l—l 

O 

M 

1 

Li 

a 

a 

ai 

44 

T3 

3  L4 

g 

« 

*r4 

M 

g 

M  <1 

>1  * 

3 

4J 

3 

1 

CL 

5 

35 

«  0) 

0  44 

*r4 

> 

CO 

44 

44 

C 

CM  44  i-l  44 

i-M 

a 

r-4 

4J 

o 

Lc 

Ll 

u 

44 

44 

3 

44  44 

a  44 

o 

co 

o 

0) 

3 

ai 

0)  O 

0) 

ai  at 

ai 

r-4 

01 

0) 

0) 

4J 

0>  0) 

8-8 

> 

li  > 

J* 

a  c 

0) 

Ll 

Ll  44 

CJ 

CJ  CJ 

Ll 

o 

u 

o 

0 

01 

O  O 

C 

1 

O 

4J  -H 

Ll 

3 

3  0) 

44 

(0  cO 

a 

Ll 

0) 

z 

o 

o 

Lc 

o  a 

CO  U 

1 

5 

i 

1 

u 

3 

3 

m 

co  35 

<0 

Lc  Lc 

Lc 

4J 

a 

o 

88 

a 

O 

0) 

CO 

co 

co 

88 

g 

c0 

L4 

M 

H 

8 

8 

O 

4J 

28 

0) 

D 

o 

a> 

>4 

4J 

O 

*1 

0 

01 

Ll 

3 

CO 

01 

0) 

Lc 

0) 

Ll 

0)  v 
Ll  Lc 

at 

Ll 

8 

5 

a 

CO 

Pm 

r-4 

r4 

H  H 

H 

3 

CO 

3 

CO 

1 

3 

> 

CO 

Ll 

3 

a 

a  3 

344 

r-4 

Oc 

Ht 

44 

44 

C  44  44 

g  44 

CO 

t4 

co 

L> 

t 

»-4 

CO 

a  co 

C0 

CO  44  44 

44 

44 

X 

0) 

01 

g 

CO 

T3 

CO 

c 

! 

H 

CO 

0> 

CO 

(0 

co  co 

CO 

o 

a 

CJ 

U 

u 

a 

a  a 

a  a 

O 

0) 

0) 

0 

1 

> 

Li 

Lc 

0) 

co 

co  0) 

0> 

u  o 

U 

3 

CO 

t4 

C 

■rl 

O  *r4  "H 

O  H  -rl 

Ll 

a> 

Ll 

a 

1 

0 

a  -h 

LC  *rC 

*i4  Ll 

L4  *rl  -rl 

p 

Mrl 

g 

4J 

Pd 

r-4 

C 

r-4 

H  H 

H 

4J 

a  lc 

CL 

O  r4 

o 

a 35  35  Q,  fl,r4  i-4 

LC 

i-4 

o 

» 

Q 

3 

3 

3  fH 

3  3  1-1  3  -rl 

0 

a 

0 

p 

> 

3  3 

3 

3 

>> 

C0 

4J 

(0  H 

CO  <0  i-l  CO 

m 

ai  4t 

a) 

CO 

u 

Li 

ft 

LC 

0) 

0) 

a)  V 

0» 

CO  co 

CJ 

CO 

cj  5 

CO 

Ll 

0) 

ic 

3 

Lc  U 

3  Lc 

O  Jrf 

a>  Jtf  *H 

1 

0 

CJ 

3 

01  Jrf  M  M  M 

Lc  Lc 

ai 

Ll 

*r4  r4 

T> 

H  T3  44  T3  T3  44  T3 

a  co  cn 

CO  ’O  1-4 

C 

CJ 

CO 

(0 

co 

CO  CO 

CO  TJ  T3 

Lc  *3 

CO  44 

o 

>% 

>N 

>s  >s 

>i 

Lc 

L4 

•c 

5 

0) 

0) 

Lc 

Ll 

Ll  Li 

U 

>i  >> 

>i  O 

i4 

33 

33 

Z  X 

33 

PQ 

0Q 

P4Uo3aicQM«cQcqZZ 

X  Pc 

3 

CO 

■8 

X 


§ 

M-c 

4J 

a 

c 


1 1 

•c 


0) 


35 

CO 

H 


co 

H 


Id 

3 


Id 

a. 

>< 

H 


-If* 

-If 

Px 

Px  Px 

Pm 

9 

9 

99 

9 

o 

u 

o  o 

o 

m 

in 

Id 

Id 

Pd  Pd 

Id 

Z 

Z 

C/5 

CO 

CO  CO 

CO 

w 

w 

S  CNCNCN  C'l  CM  OC  OC  OC  uu  u 

zzzzzzzzzuu  u 

wwmhmwmwmcoco  co 


't  ^  -4-  vj  <f  Px  tx  pxPxPkPxPxPxpxPx  f»«m  fo  <n 

5593333  33333333333  33 


o 

o 

C\ 

c\ 

o 

o 

00 

CO 

o 

o 

o 

m 

o 

o 

O  <f 

O 

• 

• 

o 

m 

in 

o 

o  m 

• 

•H 

H 

m 

ro 

r-4 

iH 

r-4  | 

o 

>  O 


I  >>o>oo>>>>  >  o 


o  -fl  ■  -  N  ** 


§ 


I  I  5  51 

u  m  ^  «  o  °a  $  ^  uy 


127 


Mlitt&mUttn 


faum 


i  a 


i  1 


5 

?  J 


* 

3  i 


1 
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DESCRIPTION  i 

Time 

Time  for  /fat/  **  flcP 

Control  Valve  Spool  position 

Brake  hydraulic  volume 

Brake  hydraulic  volume  at  time  2ero 

Metering  valve  output  pressure 

Brake  volume  at  disc  contact 

UNITS 

cn 

s 

CJ  O  fO  cn  PqcO 
UUZZZtQZ 
t/1  M  H  H  H  h)  H 

VALUE 

0.1 

0 

1.6 

TYPE 

>  o  >  >  o  >  o 

SYMBOL 

3a  VEHICLE  AMD  WHEEL  STRUCTURAL  SUPPORT  (FLYWHEEL) 


Figure  All  shows  the  model  for  the  airplane  system  as  It 
might  be  simulated  with  a  dynamometer  flywheel  set-up.  The 
mass  W>  Is  supported  by  the  tire  and  Is  determined  by  the 
percentage  of  the  airplane  weight  carried  on  one  main  gear. 
The  mass  Wak  represents  some  part  of  the  airplane  structure 
which  could  vibrate  In  sympathy  with  certain  ground  discon¬ 
tinuities  such  a 8  wing  mounted  fuel  tanks  or  armament.  The 
fcrces  Flo  and  Fal  act  on  Wa  because  of  gravity  and 
aerodynamic  lift,  respectively. 

A.  Mathematical  Description 

The  shock  strut  stroke  Is  denoted  by  £sn ?  . 

This  stroke  Is  determed  by  £  and  £wm» 

(3a.  1)  Zs/n  -  S l 

(3a. 2)  Zsa7  -  Z  WA*  -  £ 

The  shock  strut  force  F**,  Is  given  by  equation  (3a. 3) 

(3a .  3)  Fvaa  =  Fvm  <C  Zsm)  *Dvm  Zs/n  KZs/^Zs/a jZs^j 
+  Ovmc  (j  ry\  Z.  £ 


Where 

(j  fW  “  +l.£> 

Fofl 

X>o 

0 

Fo/l 

A 

11 

o 

=  -  /.o 

FOfL 

i  <  o 

Let  Zoo  and  Zgo*>  denote  the  height  and  slope  of  the  ground 
(or  flywheel  surface) .  Let  Sm  denote  the  tire  deflection. 
Then  Sn\  and  5m  are  determined  by 

(3a. 4)  Sao  =  max  £  0.0  j  Zoo  Zwm  +  Rot} 

(3a.  5)  S/a  =  Z gop  X  Vp  ~  Z vv m 

The  force  Fvm  acting  vertically  upward  on  the  tire  Is  then 
given  by 

(3a.  6)  -  S/a  (Cmt  +■  Dr*r  F/a) 
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Summing  forces  in  the  vertical  direction  on  the  unsprung 
mass  Wwv  ,  there  follows: 

(3a. 7)  Wwv  2.wm  =  -  ^Vm  + 

Where  F>*v  is  the  tire  unbalance  force. 

For  the  mass  WMC  »  summing  forces  vertically  gives: 

(3a. 8)  War  =  ^ar 

(3a. 9)  Far  “  Cap  t  Z  “  Zap  )  ^ap  ^  Zar) 

The  aerodynamic  lift  and  drag  forces  F*L  and  F>D  are 
defined  as  follows: 

(3a.  10)  Fal  =  CAlVp 

(3a.  11)  Fao  =  Cad 

The  equation  which  determines  2  is  given  as 
(3a.  12)  (  Wa  "  War)  2  =  FVM  +  ^al.  “  ^ld  ” 


The  equation  for  the  flywheel  velocity  is  given  by 

(3a,  13)  WAr  Vp  =  ^rH  ~  -  2  FBT 

Where  f>H  is  a  force  equivalent  to  engine  thrust  and  W*r 
is  the  airplane  mass.  The  aircraft's  longitudinal  dis¬ 
placement  is  established  by 

(3a,  14)  Xf  =  (  Vp  dt  +  Xpo 


The  equation  flow  diagram  for  the  airplane  system 
(flywheel)  is  shown  on  Figure  A12. 
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12  Airplane  System  (Flywheel)  Equation  Flow  Diagram 


VMS  V-  1©  *  1° 


B .  Parameter  Evaluation 


Shock  Strut  Characteristics 


Figures  A13  and  A14  show  the  main  gear  lead  and  damping 
characteristics  for  one  gear. 


Stroke 

Figure  Al4  Main  Gear  Air  Load  Curve 
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Vertical  Tire  Characteristics 

In  equation  (3a. 6)  it  ha*  been  assumed  that  the  tire  loading 
characteristic  Is  given  by  an  equation  of  the  form 

(3a. 15)  F=S(C+0S) 

Let  the  following  terms  be  defined  for  a  tire: 

Fa  -  Rated  load 
Pa  »  Rated  pressure 
5a  "  Rated  deflection 

If  P  Is  the  actual  pressure,  then  obviously  the  tire  spring 
rate,  C  ,  is 

<“•“>  c-«v@ 

From  reference  1  (Equation  132)  the  damping  force,  Fp  , 

Is  established  as: 

(3a.  17)  Fo  *(nc\s 


It  Is  assumed  that  the  damping  force  is  related  to  the 
undamped  natural  frequency  at  rated  conditions.  The  un¬ 
damped  natural  frequency,  o'  ,  is  established  as: 


(3a.  18)  u)  *  '/A  =  &  _  n/  6 

fn  f  S*  /=*  r  TT 


Where  G  a>  386  IN/SEC  .  Also  from  Equations  137  and  138  of 
Reference  1: 


(3a. 19)  n  '  2  *  G/fO] 


Where  ^  -  0.\. 

The  main  landing  gear  sheck  strut  linear  damping  coefficient, 
Dvw\ ,  Is  set  equal  to  zero  for  the  example  problem. 

The  unsprung  mass,  Wwvt  experiencing  vertical  motion  is 
6.44  lbm.  Thus , Wwv  m  (644) /386  «  1.667  lbf  sec2/ln. 


As  previously  assumed  in  Equation  (3a. 15),  f-o-SOS 
Equating  the  two  expressions  for  F0  at  rated  deflection 

(3a. 20)  mC  =  Sk  D 


(3a.  21)  D  =  VC  =  WF*  /£_ 
ujS r.  (Sk'f'  \Pa 


For  the  47  x  18  -  18  26  ply  rating  F-lll  main  tire, 

P=Pfl  =  150  psi 

F*  *  38,100  lb.  and  S*.  -  4.00  IN. 

Thus 

(3a. 22)  CnT  -  (£-)(j£\  =  (/SZ)(-&/0o)  =  fSiOlU/M 

( SA Sr  )  f/so)(4-.oo) 


(J)(38I00]_  7 'PTo  =  Ib9sec//M* 

/So  u\  rtrtV*  /  9aL  f 


(/Si>)  {4..00)1  f  38(,  ~  ' 

Aircraft  Characteristics 

For  the  example  problem,  an  airplane  weight  of  57,000  lb. 
is  used,  the  static  vertical  load  on  one  main  gear  is 
25,200  lbs.  so  that 

(3a. 24)  VV/?  =  J2SjZoo^£j  =  6>S.o  Ibf  secz^/in. 

For  a  velocity  of  Vf  m  2400  IN/ SEC  and  a  representative 
tire-to-runway  braking  coefficient  of  .45  at  the  main  wheel, 
the  tire  load  is  21,400  lbs.  Thus  Flo  "  21,400  lb. 

The  total  aircraft  mass  is  V/fiT* 57000/G  =  J47.Q  Ibf sec'/fN. 


The  mass  WAtt  is  used  to  simulate  some  airplane  resonant 
effect.  For  illustrative  purposes,  it  is  assumed  that 
WaR  -  1000  LBft  *  2,59  LBF  SEC  2 /IN  and  has  a  natural 
frequency  of  12  cps.  Therefore,  since  co  =  arr( iz)  **  76.4-  raA/*« c 
and  k.  =  r» 

(3a. 25)  CAK  =  OJ2  War.  -  (7J.4-)*(z.59)  =  14,720  Ib/m 

Using  3  percent  critical  damping  gives 

(3a.  26)  Dar.  =  (.03)  2  ijCACL  War.  - 

=  C.03)  Z  >1  (  f4,720)C2.S3)  =  I  ! .  72  /b  sec/in 

The  initial  conditions  are  calculated  for  equilibrium. 

At  time  -  0,  let  Xf  -  0  so  that  Z*p<XF>  =  0 

since  >  is  always  0.  Let  VFO  -  1200  IN /SEC  and 

assume  that  CAl  =  CAd  -  0 

From  equation  (3a. 6)^ 

(3a. 27)  S rn  =  FNM/CMr  =  Z6*X>  /sS3o  *  in. 

From  equation  (3a. 4), 

(3a. 28)  iwMo=  (o- Z  73  .  S£\- 20.49 trJ 

From  figure  A  l4  when  FVM5  =■  Z(t>ovo  It.  3 
^sm  =  23.98  in  and  from  equation  (3a.  1), 

(3a. 29)  £©s  Zw*e  ~lsm  tSm^20j9-ZM84Q3A\  =*  90.0  »j. 

Also  Z-Aeo  =  Zp  =  $0.0  ^  . 

For  the  example  problem  the  effects  of  aerodynamic 
forces  are  not  included  in  the  flywheel  simulation; 
therefore,  Os  ■■  0.0  and  Ot  «  0.0. 

The  unsprung  mass  moving  vertically,  WW  ,  is  the 
same  as  Wew  described  in  the  Section  4a  Wheel  and 
Tire  System  (Flywheel)  for  horizontal  motion.  There¬ 
fore,  W*v  *1,60  lbf  sec^/in. 

The  average  engine  idle  thrust  is  1000  lbf. 

Therefore,  Ft*  -  1000  lbf. 
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Table  A6  Vehicle  and  Wheel  Structural  Support  (Flywheel)  Parameters 
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3b.  VEHICLE  AND  WHEEL  STRUCTURAL  SUPPORT  (3  DEGREE 
AIRPLANE  SYSTEM) 

The  three  degree  airplane  system  is  built  around  a  rigid 
body  airplane  which  is  allowed  to  move  vertically,  hori¬ 
zontally  (parallel  to  the  runway  centerline),  and  rota- 
tionally  in  the  pitch  mode.  This  model  provides  for  the 
interaction  of  the  anti-skid  system  with  those  effects 
which  are  related  to  airplane  pitch.  This  includes  such 
pitch  effects  as  change  in  the  aerodynamic  lift,  drag,  and 
moment  due  to  change  in  wing  angle  of  attack,  change  in 
the  aerodynamic  lift,  drag,  and  moment  due  to  changes  in 
elevator  deflection  as  dictated  by  the  stability  augmenta¬ 
tion  system  (pitch  mode),  change  in  tire  loading  due  to 
braking  pitch  moment,  and  the  effect  of  ground  slope  and 
roughness  as  reacted  through  both  the  main  and  nose  gears. 

A.  Mathematical  Description 

Figure  A15  shows  the  three  coordinates  which  describe 
the  airplane  position  relative  to  reference  points  on  the 
earth's  surface. 


Figure  A15  Airplane  Coordinates 
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Figure  AL6  shows  the  gear  extended  dimensions  as  mea¬ 
sured  in  the  airplane's  water  line-fuselage  station  refer¬ 
ence  system. 


Figure  A16  Airplane  Geometry 

Let  Z&o <*>  denote  the  runway  profile  height  and  let 
denote  the  runway  profile  slope. 

Nose  Gear 

Let  and  denote  the  nose  strut  ^stroke  and  stroke 
velocity.  From  Figure  A 17  ,  and  £5t>J  are  given  by 

(3b. 1)  -  2,v»/w  ~  ~i-  S^kjQ 

(3b, 2)  ~  Z-ivm  "  2  ~  Q 

The  nose  gear  shock  strut  force  is  then  given  by 

(3b. 3)  F^n  -  +  ^ 

f\jW ,  the  normal  ground  force  at  the  nose  gear  is  given  by 

t 

(3b. 4)  ^nw  -  $kj 
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where  $w  is  the  nose  tire  deflection.  and  are  given 
by: 

(3b.  5)  Sw  -  rr>3-X  {  0.0  ^  ^ 

.  •  * 

(3b. 6)  Sw  —  Xiv»j  _  c.  wu 

Summing  vertical  forces  on  the  nose  wheel, 

(3b, 7)  W/ww  2-ww  “  Fkjo  ~  Fvn 

(3b. 8)  Fd>j  ~  FWK) 

Main  Gear 

Let  ZSM  and  denote  the  main  gear  stroke  and  stroke 
velocity: 

(3b. 9)  2-sm  ~  2wln"2. +Svm^SHwQ 

t  *  •  • 

(3b,  10)  2^^  -  2-vim  “2  7"  SmmQ 
The  main  gear  shock  strut  force  is  given  by: 

4  *1*1 

(3b. 11)  F/m  =  FV*/is  +  Dvm  ^-sm  F  Z^l 

f-  OvThC  2  Zsr»y 

Let  SM  denote  the  main  gear  tire  deflection.  Then  the 
tire  normal  force  is  given  by: 

(3b. 12)  =  (C/nT  "F 

(3b, 13)  =  rua pc  \  o.a  ^  X  AX^  F^5fM  2  \a/jv\  } 

»  *  * 

(3b, 14)  S,vt  -  "2.&pp^  ^  f\ X.^  X  ax  ~  zli»'tv\ 

Summing  vertical  forces  on  the  main  wheel,  where  ForJ  is 
the  vertical  component  of  the  tire  unbalance  force, 

(3b.  15)  WwM  2.1V  A*  -  ~  FyM  1- 

Figure  A18  shows  the  model  of  the  main  gear.  With  the 
assumption  that  the  gear  weight  is  much  less  than  the  air¬ 
plane  weight  (that  is,W ic«Wa),  it  follows  that: 

(3b.  16)  Wu  S&U  ®g-  =  fu  ^eu.  ~  Fg  - "Tg 
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TMV 


Figure  A18  Main  Strut  Model 
where  zL^is  determined  by: 

(3b. 17) 

*~DLL  can  then  be  computed  by  summing  moments  about  the  CG, 
(3b.  18)  FDa  *  C  Z,6L +- Ts  )/ S m 

where 

(3b. 19)  Fa  ~  C  (Q  “  )  +  ^  0  " 

T<,  and  Fg.  are  outputs  from  the  tire  and  wheel  system.  The 
horizontal  axle  reference  location  is  denoted  by  X^*.  X*x 
is  given  by; 

(3b. 20)  XAx  =  X  -  SH*i  +■  (  $&*  +  zUu  )  Sfr 
(3b.  21)  X  Ax  “  X  +  (  Sou.  ^  )  ^6- 
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Thrus  t 


Referring  to  Figures  A16  and  A17  ,  if  f^.H  is  the  thrust, 
then 

(3b. 22)  FTHv  =  Fth  Uth  +  Q) 

(3b.23)~FTH  ~  Sth  Fth 

Aerodynamics 

The  dynamic  Air  Force  QA  is  given  by: 

(3b. 24)  Qa  -  X2  AB£f  /z88.o 
The  aerodynamic  lift,  drag,  and  moment  are  then  given  by: 
(3b. 25)  Fal  =  CalQ* 

(3b. 26)  Fad  z  CadQa 
(3b.  27)  -  CamQa 

If  denotes  the  wing  angle  of  attack  relative  to  the  air, 
then: 

(3b. 28)  **  =  <*<>  +  (  I80/tt)(Q  -2/Xj 

Let  SHr  denote  the  horizontal  tail  deflection.  Then  the 
aerodynamic  coefficients  are  given  by: 

(3b, 29)  Fai_  —  Cal  ^  +  cAl  ^ht 

(3b. 30)  Cad  “  Cad  Bad^iv  +  Fad^ht 

(3b. 31)  +  +  F  Am  C 

Dynamics 

Referring  to  Figure  A17 , 

(3b. 32)  WA  ~L  -  +  FTHv  "  Wa  &  ^  2.Fm  +  Fvw 

* » 

(3b. 33)  Wa  X  -  FTH  _  FAD  +  2.  -  2  F^  FDIJ 

•• 

(3b. 34)  W jjQ  Q  -  FVKjSHfj*2  *  2  FDli  ^  "Ttm 

^  2  Fy_  ( *  "3  v mu, ^  (  i 
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where 


Stroke  ZSKJ(in) 

Figure  A20  Nose  Gear  Damping  Curve 


Nose  Tire  Characteristics 

See  also  page  135  of  the  flywheel  system.  The  22  x  6.6-10 
16-ply  rating  nose  tire  has  a  rating  of  9150  lbs.  at  190 
psi.  The  a  flection  is  1.50  inches.  The  operating  pres¬ 
sure  is  190  psi.  Since  these  are  two  nose  tires, 

(3b. 37)  Cmt  =  (Z.\  r*  -  (  =  12,200  )[>/ in 

M  90)  0  .SO) 
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0  2  4-  b  8  JO  IZ 


Stroke  Zsu(in) 

Figure  A21Nose  Gear  Air  Load  Curve 


Since  y  =  0.1, 

(3b. 38)  Cwr 


( .  l)(  2 )(  9ISc)  /1PCA  / 1, go 

(I, SO)*  \\9oly39b 


ETO.fe 


The  nose  tire  rolling  resistance  coefficient  is  ■ 

.020  and  the  unsprung  nose  tire  mass  (mass  of  tires,  wheels, 
axle,  and  lower  shock  strut)  is  WWn  =  175/386  =  .453  LBF 
SECT/ IN.  The  nose  tire  undeflected  radius, ReTtf,  is  10.8  in. 

Main  Tire  Characteristics 

The  main  tire  undeflected  radius,  Kot*,  is  23.32  inches. 

The  other  main  tire  characteristics  are  computed  as  shown 
on  page  134, 
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Main  Gear  Characteristics 


The  F-lll  main  gear  spring  rate  parameters  were  computed 
from  load-def lection  data  recorded  during  structural 
testing  and  correlated  with  data  from  jig  drop  tests  and 
from  flight  tests. 


Figure  A22  shows  the  model  which  has  the  same  form  as  that 
described  in  equations  (3b. 16)  through  (3b. 21)  and  in  the 
wheel  and  tire  system.  The  rotational  spring  rate  of  one 
main  gear  about  its  pivot  is  26*  iofc  in  lb/Va.d. 

The  remaining  values  are  calculated  (at  static  position)  as: 


(3b. 39) 


W*  r  '2,1  S*  lb ™  ~  mZ  Vt  S ecy  .n 
Wgw  =■  m  w  64-4-  U>/*  -  /.667  !bf rcc l/n 

-  'ZOOjOOO  \\>/  m 


Thus  from  figure  22  ,  Cu  given  by 

(3b. 40)  Ca  =  Cu((iCT)/SG^  =  2£ *  IC'V 2-t2*  -  59,000^/^ 

The  first  mode  natural  frequency  of  the  model  is  21.84  cps. 
Assuming  that  ^  is  .054  (about  3%  critical),  then  evalua¬ 
ting  the  damping  at  <-v  -  C^rrX  21.0*0-  '3  7.  sr  r^tX/sec 
there  follows; 

(3b. 41)  -  ^_Ca  -  C  05  4  X  2.0  0;OOC)  -  7G.(o  lb  seo 

^l37.S')  i  i 

(3b. 42)  I)u  =  7L -  C « 05.fr  )(..££  »gfiCL)  -  23.2  IJ^^ 
_ uj _ (.  '3?.  5  _ m 


Figure  A22  Main  Gear  Strut  and  Wheel  Model 
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Aerodynamic  Data 


For  finding  the  aerodynamic  data,  the  F-111A  is  landing 
with  flaps  at  34°,  wings  swept  to  26°,  and  spoilers  ap¬ 
plied.  QAn  equilibrium  airplane  condition  of  <xw  ■  2°  and 
$HT  ='5  is  assumed.  For  these  conditions. 


(3b. 43)  Cl  =  o,,3 

Xu  - 

.  1 28  dbij ' 

9<x»» 

^Swr 

(3b. 44)  G0  -  .258 

o  * 

.000 

<5_Cp  - 

(3b.45)CMft=  O.oo 

-.025  ctc^' 

Xma  - 

^ShT 

-  \ 


-i 


The  aerodynamic  reference  point  is  F.S.  526.8,  WL  197.2  . 
Assuming  the  airplane  C.G.  at  F.S.  519,0,  WL  180.0,  if 
Ax  and  AY  are  given  by: 

(3b. 46)  Ax  -  F5A  -  FSCG  =  52G.9-5I9.0  -7©  inche5 

(3b. 47)  ay  =  WLA  “  WLCG  “  157.2-  )00 .0  ~  17  2  inches 

Then  if  C  -  108.5  inches  is  the  length  of  the  M.A.C. ,  then 
CnZ  at  the  airplane  C.G.  is  given  by: 

(3b. 48)  CMC  =  '—maG  —  CLAX  -t  ^-pAY 

-  C 0.o)tl08.S )  ~  1 0. 1 3)i7.e) 4-  {. 2S&X/ZZJ  =34-24-  //tcAes 

Also, 

(3b. 49)  -  2C*/\C  -  <)Ci_  ax  +  Ay 

-  (- c/25)()08.s)  -  (.|  i9)(7.0)  +  (o,oKl7.z)  =  -.37  I 

(3b.  50)  c  =  ^Cm&C  -  Ax  +  AY 
^Srtr  JSnr  JSht 

~  (-,O352)(t0g.5)-(.022)(7.e)  -C.W3c.)({7.2)=  -3.753 


Thus  from  equations  (3b.  29),  (3b.  30),  and  (3b. 31)} 
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(3b. 51) | 

Cal 

'  -  0.»3 

J 

Bal 

-  )  “ 

,  (28  cU^.  ' 

1 

C-al 

=  (  Xl  /  ^  Snr  )  = 

,022 

1 

Cad 

-  CD  =  .258 

| 

(3b. 52)1 

Bad 

“  (Xo/ )  ~ 

0.0 

1 

CftD 

--OCd/^Shi-)  - 

-.O0  2(o  da<\ 

(3b. 53) 
(3b. 54) 


Cwv\  “  CjvvC  =  3.4-24-  i/w 

8a,(v\  -  (  £  Ctv\t/ ^<^w)  '  ~ .  37 1  un./ dts^ 

£-AM  -  (  ^CmC/ ^ShT  )  -  -  3/7S9  <At/dc^ 


^flL  -  Cal  '  Bal^^v  '■  £al  Sht 

-  ,G 13  -( J26)(2  )  -(,C2Z  )(-  S.C  )  =  -.014= 

(3b. 55) 

&AD  ~  G*p  "  BaE>  ^  ~  ^AD  $*-*•" 

-  .259  -  (0,o)(2)  -  (-,00  3G)t'S)  -  .24 0 

(3b. 56) 

r  CftKV\  -  c^W  '  £  AM  ShT 

=  3,424  -(-.37i)(2.)  -(-/3755)('SV-  Z.ZSk  IN 

Initial  Conditions 


Assume  that  attime  -  0.0  seconds  the  airplane  velocity  is 
2400  in/ sec  =  Xo.  The  airplane  is  shown  in  Figure  23 
with  brakes  off. 
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Assume  that  *  3°  and  SKT  *  -5°,  then  from  equations 
(3b. 29)  (3b. 30)  and  (3b. 31),  there  follows: 

(3b. 57)  CAu-  (“.0 i<o)  +-  *  (,022)(-s)  -0.222 

(3b. 58)  =  U.28(,)  +  C-.370(3)  +(-3.7S5)C“S)  -  19,973 


Since  SHu  =  258.9,$kM  =  32.6  inches,  ITh  =  20,000  in/lb., 
and  if  the  estimated  value  for  H&T  is  97.2  inches,  then 


(3b. 59) 


Tth  *Trt|Vi)  *  ($HU~  HsTT-^M  WaG  ~  Fftl)\  | 
i~S  HK)  )  +  H?>r  (jj  r<\ 


Now  from  equations  (3b. 24),  (3b. 25),  and  (3b. 26), 

(3b.60)Qfl  -  C24Oo)2(S2S)(,0023s)/ie8  -  2SOOO  V0 

(3b, 61)  P/vl,  “  (,22l){2SOOO)  -  5  500  lb 

(3b. 62)  Tam  =  (  I9.973)(25000  )  -  •'■3S}?>0O  ih  Ih 

Thus, 

(3b. 63)  -  1  ({211 Zoc>)  +  US7)(s? OOQ  -  5  5~Qo)\ 

Z  \  (295, l)  Jr  (  97.2)(o)  / 

So 

(3b. 64)  Fy*  *  2  2  568  lb 

and 

(3b.65)Fuu  -  W/\G  "  F^l  -  2.Fnm 

=  57000  -  5500  -  2  (22  988)  -  5524  lb 

Assume  that  when  time  =  0  that  Xvvm55  0.'0  inches,  then 
Z&d 0.0.  Then  Xww  “  295.1  inches  so  that 
=  (9.676-9.703)12  =  -.32  inches.  Refer  to  the  runway  sys¬ 
tem  for  values  of  Z6D .  From  equation  (3b. 12): 

(3b. 66)  SM  = (22989)/ (9S3o)  -  2,4)  in 

Thus  from  equation  (3b. 13) 
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(3b. 67)  ~i- w&\o  ~  2.3,32  -  2.0,91  m 

From  Figure  A14  in  the  flywheel  system,  if  =  22,950 
lbs,  then  =  24.00  inches.  Now,  from  equation  (3b. 4) 

(3b. 68)  =(55X4-)/  (12,200)  -  in 

From  equation  (3b. 5),  there  follows: 

(3b. 69)  £wno  -  (~.3Z )-»-(.  lO,fco)  16.02  In 

Also,  from  Figure  21 ,  if  =  5,600  lbs.  then:  2-Sk,  =  S  in 


Rearranging  equations  (3b. 1)  and  (3b. 9) 

(3b. 70)  i-  SHKj  Q0  -  +■  2_vv/>jo  —  "2-skj 

(3b. 71)  Zo  ~  Oo  ~  *5vm  2-w/mo  "  2-sm 
Solving  these  two  equations, 

(3b. 72)  Q0  -  ,0229  enoiftios 
(3b. 73)  Z0  -  62.34,  in 
Finally, 

(3b. 74)  X0  =  +  SHM  =  3G.20  in 

(3b. 75)  ©so  -  Q0  ~  .0  329  Papins 

The  values  of  the  following  parameters  as  listed  in  Table  A7 
are  established  by  the  airplane’s  dimensional  and  mass 
characteristics:  oco^oc^  fltieF,  Seuj  Sum/  .fW,  Si//ny  Sit*/ 

Sr*  /  vJfi ,  Vt/xa,  and  Sv/na> 

For  the  example  problem  the  density  of  air  at  standard 
conditions,  sea  level  and  59.6°F,  is  assumed.  Thus, 

Rha  =  ,00  238  S/(/p / fit* 

The  shock  strut  linear  damping  coefficients,  Dvm  for  the 
nose  gear  and  for  the  main  gear,  are  set  equal  to 
zero  for  the  example  problem. 
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See  Figure  A16 


Table  A7  3  Degree  Airplane  System  Parameters  (Sheet  4  of  >) 
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/sec  N.G.  Stroke  Velocity 


Table  A7  3  Degree  Airplane  System  Parameters  (Sheet  5  of 


DESCRIPTION 

M. G.  Axle  Vertical  Acceleration 

N. G.  Axle  Height 

N.G.  Axle  Height  at  Time  •  0 
N.G.  Axle  Vertical  Velocity 

N.G.  Axle  Vertical  Velocity  at 
Time  •  0 

N.G.  Axle  Vertical  Acceleration 
Coulomb  Friction  Coefficient 
Coulomb  Friction  Function 
(See  Flywheel  System) 

UNITS 

|  III, 

^  N,  "  s.  ^ 

VALUE 

S  o  Q 

a 

B 

>>o>o  >o»w 

SYMBOL 

.  I J  P i  .?!  t 
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3c.  AIRPLANE  SYSTEM  (6  DEGREE) 


The  six-degree  airplane  system  is  built  around  a  rigid 
body  airplane  which  is  allowed  to  move  vertically  and 
horizontally  (both  parallel  and  perpendicular  to  the  run¬ 
way  centerline).  Also,  the  airplane's  jaw,  pitch,  and  roll 
effects  are  considered.  This  model  considers  all  the  ef¬ 
fects  found  in  the  three -degree  airplane  system.  The  pur¬ 
pose  of  the  six-degree  airplane  is  primarily  two-fold:  the 
first  is  to  evaluate  the  effects  of  the  anti-skid  system 
on  the  airplane's  directional  stability;  the  second  is  to 
evaluate  any  anti-skid  system  degradation  caused  by  air¬ 
plane  yaw  and  side  drift  movement. 

For  the  nose  gear,  the  model  considers  the  tire  and  strut 
characteristics  in  the  vertical  direction.  Also,  the  nose 
tire's  yawed  rooling  characteristics  are  included.  The 
steering  loop  is  closed  by  providing  a  "pilot"  function 
which  provides  an  input  to  the  nose  tire.  The  "pilot" 
function  depends  on  the  airplane's  yaw  angle.  The  two 
main  gears  are  treated  as  two  distinct  systems  except  for 
any  structural  coupling  which  may  exist  between  the  two. 
Provisions  are  made  for  side  wind  perturbation  and  for 
aerodynamic  effects  caused  by  airplane  yaw  and  roll. 

A.  Mathematical  Description 


Figure  A24  shows  the  six  coordinates  which  describe  the  air¬ 
plane  position  relative  to  reference  points  on  the  earth's 
surface. 


Figure  A24  Airplane  Coordinates 
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Vwv  is  a  crosswind.  The  runway  is  oriented  so  that  its 
centerline  coincides  with  the  x  axis  for  0  inch  runway 
heights  (Zes  -  0).  This  analysis  assumes  that  the  pitch 
(Q)  and  roll  (P)  angles  are  small.  Let  Z«0<x,y>denote  the 
runway  profile  and  let  Z6Df,<x,y>  denote  the  runway  slope 
(Z«op<xty>  -  az^o^  x,y>/^x).  Figure  A25  shows  the  airplane 
as  measured  in  the  fuselage  station-water  line  reference 
system. 

NoBe  Gear 

Let  Z5N,  and  ZSI0  denote  the  nose  gear  stroke  and  stroke 
velocity.  Then  we  have  that: 

(3C. 1)  ~  ^WN  *  SVls)  _  Z  -  ShmQ 

(3c. 2)  *  Zwto  '  ^  "  5h»jQ 

The  nose  gear  shock  strut  force  Fvw  is  then  given  by: 


(3c. 3)  =  +  Avw(  Zsn)  Z5W  l  I 


Figure  A  25  Airplane  Geometry 
ItoO 


Figures  A26,  A27  and  A28  show  the  forces  acting  on  the 
airplane  as  seen  in  the  different  planes.  Let  FLN  denote 
the  lateral  force  on  the  nose  wheel  at  the  axle.  Then: 

»♦ 

(3c. 4)  WwN  Yw  -  Fjigs  - 

Where  Fsus  is  the  lateral  component  of  the  sliding  or  cor¬ 
nering  force  of  the  nose  tire.  The  load  Fuo  is  caused  by 
the  nose  wheel  trying  to  move  laterally  relative  to  the 
airplane.  If  this  lateral  displacement  is  denoted  by  , 
then: 

(3c. 5)  FlM  “  C|_w  VdLKJ  Dlm  ypLN 

(3c. 6)  Ydum  a  y*  -  y  +*  (  z.  + )  p  —  Sh^r 

(3c. 7)  yDLN)=  yw-V^  (£  +  S h«Q)P  +  (Z+5hmQ)p-5hnR 

Now  is  given  by: 

(3c, 8)  Fnm  “  SmCCmt+D^tSm) 

where 

(3c,  9)  Sm  =  max  {  o.o  a  ^  j  Xg)  Pens)  “  ^  ww  1 
(3C.10)Sn  =  2-6DP^  ^  ^WM 

Summing  vertical  forces  on  the  nose  gear  unsprung  weight: 
(3c.  11)  Www  H  VVKJ  —  F»Vl  W  _  FyfcJ 

Assume  that  the  pilot  positions  the  nose  wheel  with  a  rate 
proportional  to  the  airplane  yaw  angle.  Thus: 

(3c. 12)  0W  =  m in  {  O ,  -<SpiuR  ©m  - 

~  & Pij_  R  ii  l©N(  I  ^  f  1 

n^axCoj  -  ~ 

©n  gives  the  yaw  angle  of  the  nose  wheel  with  respect  to 
the  airplane  $  ,  The  yaw  angle  of  the  tire  with  respect  to 
its  direction  of  motion  is  given  by0y/sW. 

(3c.  13)  6VAW  -  6^4  R  -  (  yM/ Xwm) 


27  AirpJU.ne  Dynamics  (Yaw) 


Figure  a28  Airplane  Dynamics  (Roll) 
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3 


The  steering  characteristic  is  developed  from  Reference  1 
(p.  30).  Let  Uutp  be  the  coefficient  of  friction  between 
the  nose  tire  and  the  ground.  Then  the  maximum  force  nor¬ 
ma]  to  the  tire  in  the  plane  of  the  ground  is  Fntf  where: 

(3c. 14)  “  U-wtp  ^nn 


Using  equation  (79)  and  80)  from  Reference  1  : 


(3c. 15)  IUt  - 
(3c. 16)  Fnjcfs  ~ 


Pwc  ®VAW  X  ^N)TF 

^MTF  >  ° 

O 

Fmtf  - ° 

Fntf 

ij-  (Igy  '  I.S 

Fforp  C  Urt  -  4  Ugr/27 ) 

1  Uer  1  1*5 

Fmtf 

tf  U.J2T  -  S 

Thus,  FNCfs  corresponds  to  Fy,r,e  in  Reference  1  and  Pwc 
is  the  cornering  power  given  by: 


(3c. 17)  Pwc  = 

|  Cp|  Sw  -  Cp2  ^>N 

Sm  -  Sp, 

1  C  p  3  ~  Cp4.Su 

i f-  Sm  ^  SPI 

The  actual  normal 

cornering  force  Fncf 

is  not  Fncps  , 

lags  Fncfs  because  of  the  tire  relaxation  length.  The  ex¬ 
pression  for  F^cp  is  given  by: 

(3c.  18)  rNCF  -  C  F\,cfs  -  PNCF  J  C  X vjKi  /  SVBL ) 

Having  obtained  F^p  ,  then  from  Figure  A29, 

(3c.  19)  -  '  4CP  R)  -  UreM  FnM  <0N  1-R) 

(3c.  20)  -  F^cf  jaXr-o  0n  +  R^  ilza m  ^nn  c^3j  ^ 
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Main  Gear 


Let  ZSM  and  ZSM  denote  the  stroke  and  stroke  velocity. 

Tbe  additional  subscripts  L  and  R  refer  to  the  left  and 
right  side  of  the  airplane  (looking  forward). 

(3c. 21)  Zsmr  =  2wm«.  ~  ~i-  +  ^ 

*  *  _1  *  • 

(3c, 22)  2-smr.  r  2. wMd  "2  ShmQ  +  S twP 

(3C  .23)  ZgMi.  S  ?wml  “2  "^5  y|s/|  Q  ~  P 

•  •  ■  • 

(3c, 24)  2.$mu  ~  2ivml  *"  2  +  b>HwQ  -  S6WP 

The  main  gear  shock  strut  forces  are  then  given  by: 

•  *  1  *  1 

(3c, 25)  fVM*  ~  ^/MS^  y  ZsMR  Z5f«/)fc|Zsf/||i[ 

0  •  m 

(3c. 26) 

^VMl_  =  ^Vm  5<Z  SML^  "^DvM  2-5Ml+  A^KZsML^  Zsp/,|_l  ^SML  1 

Let  SM  denote  the  main  gear  tire  deflection  and  let  FNM 
be  the  associated  load.  Thus,  in  the  vertical  direction, 
the  relation  between  the  load  and  tire  deflection  is  given 
as  follows; 

(3c. 27)  “  ^Mlt  (  Cmt  *  r  S  r-iR_  ") 

(3c. 28)  F\iML  ~  SfviL  (C 

Mr  *  ) 

(3c.  29)Sm^  =  max  {  o,  ^wkir ,^mr)  f  ^ } 

(3c.30)SMk.  "  2  6DP  <x  WKR.  ,  Vmr)  ^WM«  ~  2\v Me 

(3c.  31)SMu  =  rnaxloj  Zsd^  ^  £©tm  1 

(3c.32)Sml  r  Z6pP<X  ^WMt  ~  ?WML 

Summing  forces  in  the  vertical  direction  on  the  main  gear 
wheels , 

•  « 

(3C.  33)  WWM  ZwM12  “  ”  FyfviE  ^"SBVR 

4* 

(3c  .  34)  V/wn  2  WML  ~  F>0Ml_  ~  ^*VrMU  ^  ^SISVL 

Figure  A30  shows  a  side  view  of  the  left  hand  main  gear. 
With  the  assumption  that  \J^<<  WA  ,  ©5R.  and  ©SL,  are  des¬ 
cribed  by: 
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where 


(3c.35)Wu  S$u  0&e  =  S&o  For  +  (  S*u  +  ^TR  “  )  -"Js£ 

(3c.36)Wu5su@6i-  ~  S&u Ful  +  CS&u,  +  ^6Li.X  f>£  ~  Fl~  ^l.)  ~  TSl 

(3c.  37)  "2-sle  ■  ^6i_  ~  2-sm? 


(3c. 38)  2<?t.L  ~  ^et-  ~  2 smi. 

The  forces  FTE»  and  FTl  are  used  to  impart  the  correct  mo¬ 
ment  into  the  gear. 


Figure  A30  Side  View  of  the  Main  Gear  Strut 


The  overall  gear  system  model  is  shown  in  Figure  A31.  In 
order  to  transmit  torque  properly,  the  forces  Fn?»  and 
Ftl©  are  applied  equal  and  opposite  on  different  sides  of 
the  gear.  Thus, 

(3c.  39 )  Ftr©  ~  F&b  C  S&v</  -  S&s  ) / a  S&s 

(3c. 40)  FTl©  ~  Fg l  (  $6 w  -  2  S^s 

If  it  is  assumed  that  100  HA  percent  of  this  torque  is 
taken  directly  into  the  airplane,  then  100  He  =  100-100  HA 
percent  is  transmitted  through  the  gear.  Thus, 

(3c. 41)  F,-^  =  H&  FTe© 

(3c. 42)  Ftu  *  H&  Fr 
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All  spring  loads 
positive  in  tension 


Figure  A31  Main  Gear  Model 


168 


Let  0R  and  0L  be  the  difference  between  the  gear  rotation 
and  the  airplane  rotation.  That  is, 


(3c. 43)  QR  =  Q  -  0** 


(3c, 44)  Ql  *  Q  - 
(3c. 45)  QR  -  Q  - 
(3c. 46)  Ql  -  Q  -  9*L 

Then  we  can  find  constants  Cut  ,  CH2  ,  DUJ  ,  and  0UZ  such 
that: 


(3c. 47)  =  ^e,\x (  Cu.i  Qe ~ CuzQu)  4  S&u  (AxiQe  "  DuiQl.) 

(3c. 48)  Fuu  -  S&u.  ( Cu i  Q  l  "  zQ  a  J  (Duj Ol.  ~  DuzQp) 

It  then  follows,  assuming  negligible  strut  moment  of  in¬ 
ertia  that: 

(3.49)  F ?ye  “  4  Ft-jz  " ^rt)  ^s-uz. 4  ) /  Seu 

(3c. 50)  Tpni.  =  «FtL+-  f>L-  Ftb)^&ll  rTSu)/Ssu 

As  outputs  to  the  tire  and  wheel  systems  we  need  to  com¬ 
pute  XAX  and  YAX  ,  XAX  is  shown  in  Figure  30 .  YAX  is  as¬ 
sumed  to  be  the  undeflected  tire  footprint  position  in  the 
y  direction. 

(3c. 51)  X  4  S^wR  4  SvmuQ  +(^6U+  2.SLu)^fcL  ”  $HM 

(3c.52)Xax  a  “X  _  5&wR  4  SVmuQ  4(S&u+'  ^6LB.)0&iz.  Shm 

(3c.53)  Xaxl  c  X  +  E  4  Svmw.Q  4  (Sg^4  2«ll 

(3c. 54)  XAX)l  ~  X  -  Saw  Rl  +  Sv/muQ  4  (Sgu.4  ^SR 

(3c,  55)  Y/sxl  -  y  ~  Ssw  -  (Shm  "SvmuQ  "■  (S&u.  4  26i_u)©*l  )  E 
“  (Si/MU  +  Sfitc  +  zLglL  )  P 

(3c.  56)  Vaxh'  y  ^~Sow  ~  ( Sum  “Synu  Q  ~  (Sati+  ’Sguz^sOE 
-  (Svmu  4  Sate  4  2<;lr.)  P 

(3c. 57) 

)ml  =  y  ~  (Shm  ~  Svmu.  Q  “  (Ssu4  2sll  )©gl)  E 
'4lSvi^iuQ  4  V  Sau  4  P 

~  (S*rm  +  Sga  4  ^6LL  )  P 

169 
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(3c.  58)  Yaxr  ~  y  ( ^hm  “S vmuQ  ~  ( Stu,  +  Zblr ) @6r)  ^ 

+"  (  S  v^mu,Q  +  t  S»u_  +  ^61,  e  )0BB  )  K 

—  (  ^VMU  "^"•5su.'*‘  £-e>ut^  ^ 

Engine  Thrust 

Referring  to  Figures  A26  and  A27,  if  FTH  is  the  engine 
thrust,  then 

(3c. 59)  Fthv  =  ^tk  ( ^rw  +  Q) 

(3c. 60)  Tth  =  £>TH  Fj-h 
(3c.  61)  F>hs  =  ^th  ^ 

Aerodynamics 

The  following  eight  equations  apply  as  in  the  three- 
degree  model. 

(3c. 62)  Qf,  -  X  Ajjef  ^ha/ 289 

(3c. 63)  —  t-.ftv.0A 

(3c#64)  Pfto  =CftpOA 

(3c.  65)  =  CamQa 

(3c.  66)  <*w  =  «o  +  C|8o/tt)C  Q  -  2/X  ) 

(3c. 67)  Cal  =  Oal  *  Bal^w  +  EalSht 

(3c. 68)  Oft (j  =  Cad  B ■+■  EftpSnr 

(3c, 69)  Cam  r  Cam  +  BftMSHx 

Let  VWv  denote  the  wind  gust  velocity  as  shown  in  Figure  A24 
If  y  and  (3  are  defined  by: 

(3c. 70)  V  =  (  Vwy  v)/x 

(3c. 71)  (d>  -  ( ieo/Tr )  (  V  -  R  )  ^ 

Then  /3  is  the  angle  of  sideslip. 
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Let  Q*r  denote  the  dynamic  air  pressure  (including  side 
wind)  multiplied  by  the  reference  area.  Then: 

(3c.  72)  Qat  ~  C  C  Wwy  *  y  3  +  X  288 

Then  the  aerodynamic  yaw  moment  is  given  by: 

(3c. 73)  Tav  =  Can/3  Qat 

and  the  aerodynamic  side  force  is  given  by: 

(3c.  74)  FASy  *  CAy  /3  Qat 

Finally,  an  aerodynamic  force  FASL  due  to  a  combination  of 
lift  and  pitch  is: 

(3c.75)  F«l=  F,lP 

Refer  to  Figure  A27  as  to  the  direction  of  these  forces. 
Dynamics 

Referring  to  Figures  A26  and  A27,  summing  forces  in  the  x, 
y,  and  z  direction, 

(3c  ,  76)  WA  ~  F>,l  +■  -  Wa&  +  KmB.  +  Fy|^L  +  Fvw 

(3c,  77)  WA  X  ~  Fth  ~  ("ac  ^  F jUe  +  FDut_  —  Fue  -  FJ/L  - 

(3c,  78)  Wa  9  =  ~  Fsrrc  “  ^stl  +  +  "  FAsy 

Summing  moments  about  the  C.G.  we  have: 

(3c, 79)  Wk?Q  =  Fvaj ~  ~  FvmlS„m  +■ 

Jr  FCulSvm ^  +  Tam  “  +  5  vm ^  ) 

~ ■  FU{_  ^  Ssu  +  5  vm  u. )  -  Fx>w  ( 2  —  ^  X  wkj  ^  3 

(3c.80)WiaE  -  Fl^hn  +•  S«  (  Fufe  -  Ful  +  Fdul-  Foue)  +TAv 
+  2  Ha  (  FTe®  -  F rLO  )  S  <is 
(3c. 81)  y/lp  p  =  (pVM^-pvlvls)Slw  +•  f>,y  H«P 

-U  -t.0<x,y>)(  Fstiz.  +■  F fcTL  F  Fln  ) 

(3c,82)  X  WKl  ~  X  "h  ■*"  SvmQ 

(3c,83)  “  X  +  SVM  Q 


171 


Airplane  System  (6  Degree)  Equation  Flow  Diagram 


B.  Parameter  Evaluation 
Nose  Gear  Characteristics 


Based  on  a  nose  gear  lateral  natural  frequency  of  12  cps, 
we  have  con  -  2ir (12)  -  75.5  RAD/SEC.  Since  WWM  -  .435,  then: 

(3c. 84)  CLW  =  -  .435  (75. y)2  =  2f80  lb/i» 

Using  ^  ■  .054  as  in  the  calculation  of  D®  in  the  three - 
degree  model, 

(3c. 85)  Dlw  =  ^CtM/con  =  C.054)(2480)/7S,S  =  1,78  lbs«c/c* 

The  steering  or  cornering  characteristic  parameters  are 
obtained  from  Reference  1 .  Based  on  Figure44(a)  in  Refer* 
ence  1,  the  value  for  UNrf=  is: 

(3c. 86)  Uwrp  =  f>,rj€Crviax)/Fe  *  2! y 000/4 5200  =  .  553 

Using  equation  82  from  Reference  1,  if  K  ■  (  P  r.44'PR)\v2  - 
(1.44)  (190) (6. 6)2  =  11,920  lb.  then: 

(3c. 87)  Cpi  *  1.2-CcK/y  »  L\^7X\\\i£\lzi=37<x.o  Ib/fax  i* 

(3c. 88 )Cpz  *  8.dUK/d^  /Z3*3  ib/R&A  ik 

(3c. 89 )Oj»,c*7*CcK  »  L'OtT^ifTfowze)  = 

(3c.90)£^  1O&0  U>/gaA  ,rv 

(3c.91)Spi  =  .087 5  d  *  (,087sH22>  =  i.525  in 

From  Figure  43  in  Reference  1  we  see  that  the  cornering 
force  lags  the  yaw  angle.  Equation  63  in  Reference  1 
shows  that  the  equation  which  describes  the  curves  in 
Figure  43  is  given  by: 

(3c. 92)  Fy>r  =  (  s-eX/u')  lv,r  *,„<©**,> 

where  Ly  is  the  tire  yawed  rolling  relaxation  length. 
Differentiating  this  equation,  there  follows: 

(3c. 93)  d IF-Vir  =  §Z?/L*  F y,e  miv  (  ©v^w> 

CW  l_y 
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--X/Uy 

Eliminating  e  results  in: 

(3c. 94)  Fv  r  +  Ly  d.r>,r  —  Fv>  y.  rrtny 

dx 

Equation  (3c. 18)  is  obtained  by  using: 

* 

(3c. 95)  d  Fy,r  =  d  Fy>r  /  dx  »  Fs>cr 
dx  dt  /  dt  Xww 

where  it  is  assumed  for  large  airplane  velocities  that 
XWN  =  dx/dt.  We  see  that  the  parameter  SveL  is  the  relax¬ 
ation  length.  From  Figure  39  of  Reference  1,  for  most 
conditions,  SyeL  is  obtained  from: 

(3c. 96)  SveL.  =  .tw(2.0  -.8  P/Pr) 

=  -.8  )  =  7.SZ  i « 

Main  Gear  Characteristics 

For  many  airplanes  which  have  a  conventional  strut  arrange¬ 
ment  (similar  to  a  B-58)  mcst  of  the  moment  about  the  shock 
strut  4  is  taken  out  through  the  shock  strut.  In  this 
case  equations  (3c. 41)  and  (3c. 42)  would  use  HG =  o.o  . 

In  the  case  of  the  F-lll  gear  the  opposite  result  occurs  so 
that  H&  ■  1.0  and  HA  *  0.0.  The  following  values  apply  to 
the  F-lll  gear: 


If  loads  F^(t)  «  f\(t)  “  F>  are  applied  as  shown  in 

figure  31  ,  then  because  of  symmetry,  the  result  will  be 

that  Qe=Oi.  .  But  then  equation  (3c. 47)  says  that 
Cm  -  Cuz  =  Rjr/SsuQr  but  Cu  =  Pue/SfruQn 
as  shown  in  the  3  degree  model.  Thus 

(3c. 98)  CUI  -  Cw2  =  Cu.  *  55,000  It/m 
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With  the  main  gear  at  static,  if  a  drag  load  of  18,000  lb. 
is  applied  to  the  left  gear  at  the  ground  and  -18,000  lb. 
is  applied  to  the  right  gear  at  the  ground  the  observed 
deflections  with  Q  ■  0  are  Qu  -  .0236  ra. d  and  Q*  -  -.0236 
(Assuming  a  lateral  beam  torsional  spring  rate  of 

43.0  *  IOfc  in  Ib/rjid  )  . 

In  the  equations  which  describe  the  gear  loading  and 
Tsu  can  be  chosen  as  0  if  ZSLl.  and  are  the  dimensions 

to  the  ground  instead  of  the  axle.  Thus  Zs,L  ■  £<=u-  mLe,Lti- 
2.2  +  12.9  *  21.4  in.  Equations  (3c. 35),  (3c. 36),  (3c. 39), 
(3c. 40),  (3c. 41)  and  (3c. 42)  can  then  be  combined  to  give 


(3c.99)Fue~FUL 


^Zl.Q  +  2|, 4  j  (-3t»000 I  +  ^fcQ-20jj  =  -7\2}000\\> 


Subtracting  equation  (3c. 48)  from  (3.47)  results  in 
(3c. 100)  Fue.  Fju  “  (C^1fCu2)S9a0E-(Cl..  +  CUi) 

So  that 


(3c.  101)  CU|  4  Cuz  =  -212000 

(2)C2l,o)(-.023<=> 


214.000  tb/in 


Adding  and  subtracting  equations  (3c. 98)  and  (3c. 101) 
results  in 


(3c.  102)  Cm. I  -  53000  +-  2. 14  OOP  =  !'3fcJsroo  Ho/in 

2 


(3c.l03)Cyj  =  2  I 4,000  ~  53000  =  77jS0O  IL/in 

2 


At  a  fore  and  aft  natural  frequency  of  137.5  r*.c 
the  damping  coefficients  and  Da*  ate  given  as 

(3c.  104)  Dmi  -  /^Cui  /uj  ~  (.Q54)().34>XI0  )  ~  53.4  lk>  sec/in 

(  137.5  ) 

(3C.105)  Duz  =  -  C.054  )  ( ,775  *  tOg^  -  30.5  li  sec/  in 

(137.5) 
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Aerodynamic  Characteristics 


The  coefficients  for  equations  (3c. 62)  thru  (3c. 69)  have 
been  derived  in  the  3  degree  model.  For  the  F-111A  in  the 
landing  configuration  and  wings  swept  to  26  degrees  as  des¬ 
cribed  in  the  3  degree  system,  CW/3  -  .0014  and  Cy[i  -  -.021. 
Then  the  coefficient  CAV  is  calculated  from 

(3c. 106)  CAy  =  -Cy/S  =  .02J 

Let  A  X  *  FSA  -  FSCG  as  in  the  3  degree  system  where 
FSA  ■  526.8  and  FSCG  m  519.0.  Let  b  be  the  wing  span. 

If  b  ■  756  in. ,  then 

(3c. 107)  Cau  =  bCw/3  -  AX  Cy/3 

(3c.  108)  Cam  «■  (7SC.)(.OOl4)  -  (7.8o)(-.02l  )  =  I’iZZ 

Airplane  Characteristics 

The  parameters  listed  in  Table  A8  describing  the  airplane's 
dimensional  and  mass  characteristics  are  those  previously 
derived  in  the  3  degree  model  or  simply  a  listing  of  the 
appropriate  values  applicable  to  the  F-lll  for  which  no 
derivation  or  computation  is  required. 
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See  Figure  25 
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*Point  Plot  Input 
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4a.  WHEEL  AND  TIRE  SYSTEM  (FLYWHEEL) 


Figure  A33  shows  the  components  of  the  wheel  and  tire  system 


Figure  A33  Components  of  the  Wheel  and  Tire  System 

In  the  vertical,  or  Z  direction,  the  axle,  brake,  wheel, 
tire,  and  lower  shock  strut  are  combined  and  operate  as  a 
single  mass  point.  A  description  of  this  mode  is  found  in 
the  airplane  system.  The  airplane  system  furnishes  various 
inputs  to  the  tire  and  wheel:  Vp  the  airplane  (flywheel 
surface)  velocity;  ,  the  vertical  load  between  the  tire 
and  ivement;5M  ,  the  tire  deflection.  The  brake  torque 
T"sr  8  an  input  from  the  brake  system.. 

The  horizontal  displacement  of  two  mass  points  is  con¬ 
sidered.  One  mass  point  is  made  up  of  the  axle,  brake, 
wheel,  and  the  inner  part  of  the  tire  and  its  location  is 
designated  asXw.  The  other  mass  point  is  the  tire  tread 
and  its  location  is  designated  as  XrT  . 

In  rotation,  there  are  three  mass  points:  the  axle  and 
stationary  brake  elements  make  up  the  first;  the  brake 
rotors,  wheel,  and  inner  tire  make  up  the  second;  and  the 
tire  tread  makes  up  the  third.  The  angular  positions  of 
these  three  mass  points  are  denoted  respectively  as  0*, 
0w»and0T.  Let  F©  be  the  horizontal  force  acting  on  the 


axle  and  let  Fxr  be  the  net  horizontal  force  between  the 
wheel  and  tire  tread.  Figure  A34  shows  the  location  of 
these  forces.  Frt  is  the  horizontal  force  between  the  tire 
and  the  flywheel  surface. 


Figure  A34  Tire  Horizontal  Model 
A.  Mathematical  Description 

Equations  describing  the  tire  and  wheel  behavior  are  de¬ 
veloped  by  referring  to  Figure  A34.  Forces  F&  and  Frr 
are  defined  by  equations  (4a. 1),  (4a. 2),  and  (4a. 3)  as 
follows: 

(4a.  1)  F6  =  -Ccw  Xw  w 

(4a.  2)  Ftt»  CrrUrr-Xj  +  Err  C  XTT  -  Xv  )  +D™  (in'-**) 

(4a. 3)  Dtt  C  X y  “  )  -  Err  ^  Xtt  -  Xy ) 

Equations  (4a. 2)  and  (4a. 3)  describe  a  type  2  spring- 
damper  system  as  defined  by  Figure  A38  and  discussed  in 
the  parameter  evaluation. 
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Let  W«w  denote  the  mass  of  the  axle,  wheel,  brake  and  inner 
part  of  the  tire.  Let  Wre  denote  the  appropriate  tire 
tread  mass.  Summing  forces  in  the  horizontal  direction 
gives: 

(4a.  4)  WswXw  «  Fs  +  F n- 
(4a. 5)  Wre  Xtt  =  ~  Ftt  "  F3r  +■ 

Where  is  a  force  produced  by  tire  unbalance,  the  cor¬ 

responding  vertical  part  of  this  unbalance  force  is  de¬ 
noted  byp9RV  .  These  two  forces  are  given  in  equations 
(4a. 6)  and  (4a. 7). 

(4a. 6)  =  \aJ T 

(4a.  7)  F<?c.  v  •'  ?e©  WrJ  o»<X©r) 

WT  and  ©r  are  the  rotational  speed  and  position  of  the  tire 
tread. 

The  rotational  schematic  of  the  wheel  and  tire  system  is 
shown  in  Figure  A3 5  . 


Figure  A35  Tire  Rotational  Model 

Let  Tbt  and  Ts  be  defined  by  equations  (4a. 8),  (4a. 9),  and 
(4a. 10)  as  follows: 

(4a. 8)  Tfcj-  =  CRT(©W-0T)  +  E  eT  (6W- 9V)  +  Dtrv 
(4a.  9)  Dbt-  ( <§y  -  0f)  - 


188 


(4a.  10)  ~is  -  + 

Let  HT  be  the  height  of  the  axle  above  the  ground.  Let 
Trr  be  the  torque  on  the  tire  that  produces  rolling  resist¬ 
ance.  These  two  quantities  are  given  by: 

(4a. 11)  Ht  = 

(4a. 12)  TRe  =  SM  (  D5R  *  Dvr  Wr)  if  WT  >  o 

o  i£  Wr  =  o 

SM  (“  DSb  +DVft  Wt)  if  Wr  <  o 


If  T0t  is  the  brake  torque,  then  torques  can  be  summed  to 
obtain  the  following  three  equations: 

(4a.  13)  Wjs@s  =  Tar  -Ts 

(4a. 14)  Wrw0w  =  -  T^t  "Tpr 

(4a.  15)  WrT0r  =  Hr  F^r  +  "^kt  ~ 

The  rolling  radius  of  the  tire  is  obtained  using  the 
methods  of  Reference  1.  Denoting  the  rolling  radius  as 
(?T  ,  it  is  defined  as: 

(4a.  16)  Rr  --  -  UeR(Xrr-Xw) 

Let  VRS  denote  the  velocity  of  the  tire  footprint  rela¬ 
tive  to  the  flywheel  surface  withWT  =  0,  let  be  the 
relative  velocity  including WT, 

(4a. 17)  VeS  =  VF  +  Xrr 

(4a.  18  )  =  VBS  -  RtWt 

Here  VF  is  the  velocity  of  the  flywheel  surfece.  Adopting 
the  convention,  WT  «0T  ;  W5  *  Gs  ;  and  Ww  =  6»w,  the 
relative  angular  velocity  between  the  stators  and  rotors 
is  denoted  by  WB  and  is  established  by: 

(4a.  19)  WB  =  Ww  -Ws 

When  a  tire  is  moving  over  a  runway  with  any  appreciable 
amount  of  standing  water  or  slush,  a  hydrodynamic  "wedge" 
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Wheel  and  Tire  System  (Flywheel)  Equation  Flow  Diagram 


of  water  starts  separating  the  tread  and  runway  surface. 

It  is  assumed  that  the  length  of  this  "wedge"  is  propor¬ 
tional  to  Ve \  and  at  hydroplaning  speed,  VHy  ,  the  tread 
is  completely  separated  from  the  runway.  In  equations 
(4a,  20)  find  (4a,  20)  the  coefficients  CHy  and  DHy  are  used 
to  define  hydroplaning  effects  and  water  drag  on  the  wheel. 
For  dry  runway  conditions,  Cwv  and  Dhv  are  zero.  The  hori¬ 
zontal  force  between  the  tire  tread  footprint  and  the  run¬ 
way  surface  is  established  by  equations  (4a. 20),  (4a. 21), 
and  (4a. 22)  as  follows: 


(4a.  20)  hvlMF  “  ^NM  (  1  ~  ^Hy  (Vrs/Vhv)  ) 


(4a,  2j.)  FBr  = 
(4a.  22)  Ur  = 


Uti  +  (  Utz-  E  T  '4s)  if  V6>  V5te 

£  £  *•  (Mm  -frt/A  i)  Q  *  '/fa)  vfe 

'Mft  Uh%.  -£r  l/ls]  £  H]f*  t/*  < 


Figure  A36  is  an  equation  flow  diagr;im  showing  the  re- 
laticn  between  equations  (4a, 1)  througn  (4a. 22). 

B.  Parameter  Evaluation 


Gear  Characteristics 


The  mass  W^w  is  made  up  of  the  mass  of  half  the  shock  strut, 
half  the  lateral  beam,  the  axle,  the  wheel,  the  brakes, 
and  all  out  one- third  of  the  tire  tread.  The  sum  of  the 
masses  of  these  components  totals  616  LBM,  Thus,W«w  ■ 
4I4/3S4  1.40  lb  secVirt  •  The  fore  and  aft  natural  f '- 

quency  of  the  gear  (as  calculated  from  deflection  data^  s 
2l.84cps  =  137.5  r*d/s*c  .  Using  the  gear  mass,  with  all  o. 
the  tire  included  (644  LBM),  the  spring  rate  C$n can  be 
calculated  as: 

(4a. 23)  CG(r  men*  -  (Co±±\(\'b7.s)Z  -  3»,500  Ib/in 

\38<°) 

A  typical  approach  to  estimate  the  damping  coefficient 
is  to  use  37,  critical.  Thus, 

(4a. 24)  D&rt=  (.03)  Z%fmC&  =  I3.9lbsfc 
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Tire  Tread  Characteristics 


The  principle  underlying  the  calculation  of  the  tire  fric¬ 
tion  coefficient  is  that  compared  to  the  rest  of  the  tire, 
the  tire  "footprint"  is  totally  inelastic.  (The  tire  "foot¬ 
print"  is  that  portion  of  the  tire  tread  which  is  in  con¬ 
tact  with  the  ground).  Thus,  if  the  velocity  of  the  foot¬ 
print  and  the  friction  vs.  velocity  curve  for  the  rubber- 
surface  interface  are  defined,  the  tire  friction  coeffi¬ 
cient  is  established.  In  order  to  predict  the  motion  of 
the  footprint,  the  tire  tread  is  assumed  to  behave  like  an 
inelastic  ring  which  is  supported  on  the  wheel  as  shown  in 
Figure  A3 7. 


Figure  A3  7  Tire  Tread  Model 
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The  horizontal  position  of  the  footprint  is  assumed  to  be 
the  same  as  the  horizontal  position  of  the  ring  center  of 
gravity.  A  frictional  force  ^  applied  at  the  ground  can 
be  resolved  into  a  translational  force  F  »  FH  acting  at 
the  ring  C.G.,  plus  a  moment  M  *  Fh*H  acting  about  the  ring 
C.G. 


For  an  actual  tire  with  distributed  mass  and  elasticity  ap¬ 
proximately  one-third  of  the  tire  would  move  with  the  foot¬ 
print  in  response  to  force,  FH.  Therefore,  it  is  assumed 
for  translation  the  mass  of  the  nng,WV£  ,  is  one-third  of 
the  tire  tread  mass,  which  is  84  LBM.  Thus,  WTe  =  (84)/(3* 
386)  =  0.0725  LBF  SEC2/IN. 

For  rotation  the  total  tire  tread  mass  is  assumed  to  move 
in  response  to  moment,  M.  Thus,  the  moment  of  inertia  ~ 
about  its  center  of  gravity  is  WXt  ■  MR2  =  (84/386)  (23;  = 
115  LBF  SEC2/ IN, 


References  1  (page  22)  and  10  (Figure  8)  are  used  to  obtain 
values  for  the  torsional  and  translational  spring  rates 
as  shown  in  Figure  A37.  Under  the  application  of  the  force 
Fu ,  the  peripheral  movement  at  point  (b)  is  about  207.  of  the 
peripheral  movement  at  point  (a)  in  Figure  A37.  The  ex¬ 
pression  for  the  footprint  spring  rate  from  Reference  1  is: 

(4a. 25)  =  .4d  (  P+  «-Pr)^5o/d 

Where  for  the  F-lll  with  a  vertical  tire  load  of  25,000  lb. 


d  =  46.65  in. 
P  =  150  psi 
Pr  ■  150  psi 
So  =  2.75  in. 


Tire  diameter 
Tire  operating  pressure 
Tire  rated  pressure 
Operating  (static)  deflection 


Thus, 

(4a.  26)  Kx  =  Cfe)(44.65)(5’)(l50)  ^2,75/44.65  -Gtfo  to/,* 

The  application  of  FM  =  8150  lb.  causes  the  footprint  to 
move  one  inch.  At  point  b,  the  movement  is  .2  inches. 
Assuming  that  the  movement  at  point  b  is  all  due  to  rota¬ 
tion,  the  apparent  torsional  spring  rate  is: 


(4a.  27) 


fd  \  _  (zrnXza&Xets*) 

\Z){.2)  '  '  cT)  - 
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Since  .8  inches  of  the  1.0  inch  footprint  motion  is  due  to 
tread  C.G.  fore  and  aft  translation,  the  apparent  spring 
rate  is: 

(4a. 28)  CTr  -  Fjj  =  8 ISO  -  10,200  lb/i* 

.8  .8 


It  is  we 11  publicized  and  generally  accepted  that  the 
elastic  and  damping  characteristics  of  tires  and  other 
structural  devices  are  not  accurately  described  by  the 
mathematically  convenient  linear  spring* viscous  damper 
representation  over  a  wide  frequency  range.  The  behavior 
of  rubber-like  materials  is  particularly  different  than 
that  described  by  the  conventional  model.  To  establish 
suitable  mathematical  descriptions  of  the  various  damping 
forces  for  tires  and  other  elements  of  this  study,  several 
models  were  explored.  Figure  A38  depicts  the  two  types  of 
elastic  systems  which  are  used.  The  Type  1  model  is  a 
conventional  system  with  viscous  damping  and  Type  2  is  a 
visco-elastic  system,  having  elasticity  and  damping  which 
varies  with  frequency.  To  compare  the  two,  consider  the 
effects  of  driving  each  with  a  variable  force  F(t)  -  Fo 
cHut  ,  In  each  case,  the  resultant  deflection  is 

%  =  'Xo  c£i,(uut  -  Ifi) 


The  loss  coefficient,  /3,  is  defined  by  (3  •t&nV  .  For  a 
conventional  system  (Type  1  with  c  and  k  constant),  the 
loss  coefficient  which  is  a  measure  of  the  damping  is 


-oil  Jr.  -i,  1,11 
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given  by: 

(4a. 29)  (3  =  Ccu/k 

Reference  1  assumes  that  c  is  of  the  form  c  *  ^  Mo  where 
■?l  and  k  are  constant.  From  this: 

(4a.  30)  fb  =  ^ 

Reference  8  seems  to  indicate  (p.  55)  that  the  loss  co¬ 
efficient  for  tire  tread  rubber  is  some,7here  between  the 
above  two  values. 

For  the  Type  2  system,  shown  in  Figure 
constant,  the  loss  coefficient  is  given  by: 

(4a. 31)  /3  («*)/(,  *  J(,.n)) 

To  represent  a  tire,  the  values  (c/1.)  =  1.56  x  10"^  sec.  and 
(n/k)  “  0.520,  were  used  to  compute  values  of  /3  for  a 
ranr,e  of  frequencies,  ,3  versus  go  is  shown  in  Figure  A39 
for  both  Type  1  and  Type  2  models,  along  with  values  of  (3 
taken  from  References  1  and  8.  The  value  from  Reference  1 
is  shown  constant  at  all  frequencies  because  the  value  is 
not  identified  with  any  frequency.  The  above  values  of 
(c/k)  and  (n/k)  were  chosen  because  they  gave  /3  values  in 
best  agreement  with  authoritative  data. 

Figure  A39  shows  both  Type  1  and  Type  2  models  have  rela¬ 
tively  poor  correlation  with  both  data  sources.  Reference 
8  indicates  p  is  highly  dependent  upon  temperature  and  tire 
rubber  compound  as  might  be  expected.  During  damping  model 
exploration,  both  Type  1  and  Type  2  systems  were  examined 
dynamically  on  an  analog  computer.  It  was  found  that  dif¬ 
ferences  in  their  behavior  were  observable;  however,  since 
the  damping  forces  are  relatively  small  compared  to  the 
other  forces,  this  difference  was  small.  Either  model  is 
equally  satisfactory  for  evaluating  anti-skid  operation. 

The  Type  2  system  is  used  for  the  tire  because  it  is  in 
closer  agreement  with  recorded  observations.  The  peak  in 
the  /3  versus  frequency  curve  for  the  Type  2  system  is  in 
keeping  with  most  of  the  contour  plots  for  rubber-like 
materials  as  shown  in  Reference  7  and  8. 
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Loss  Coefficient 


The  tire  elastic  and  damping  coefficients  are: 


(4a. 32) 


Drr  = 
Err  c 

DeT  = 
Ecr  = 


( 1.54  *  lo3  3  Crr  =  lb  s«c/m 

(,5a)  Crr  =  S30O  lb/ in 
(l,5fc*U>3)  CBT  *  30,400  in  It  sec/rad 
c.sa)  CaT  =  io.is-xt3b  in  lt/v~4d 
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The  equation  (4a. 16)  for  the  rolling  radius  £T  is  a  re¬ 
statement  of  equation  (76  b)  of  Reference  1.  To  allow  for 
circumferential  decay  length  other  than  those  equal  to  the 
outside  free  tire  radius,  a  coefficient  UBR  is  provided. 
For  this  study  UeR  is  set  equal  to  1.0. 


Axle  Parameters 


The  observed  torsional  natural  frequency  of  the  axle  (with 
brake  stators)  is  125  cps.  The  calculated  value  for 
its  moment  of  inertia  is  16.8  LBF  SECr/lN.  Thus,  the 
torsional  spring  rate,CB$  ,  is  established  as: 

(4a.33)  CR5  =  (2tt  I25)i(ifi,,e)  =•  10.4*  l£>b  inlb/rad 

For  the  steel  axle,  a  value  for  ^  (in  the  l.>pe  1  system  in 
Figure  38) is  probably  something  less  than  .01  (Reference 
7).  Thus,  at  resonance,  if  coo/ k  «=  »?,  then  the  damping  co¬ 
efficient  is  established  as: 

(4a. 34)  Des  =  k^/oo  =■  (104# ioc)(.o0/(an-|2s)  =:  132  iiltaec/rW 
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Tire  Rolling  Resistance 

From  Figure  17a  of  Reference  2,  the  rolling  resistance  co¬ 
efficient,  pr  is  given  by  «  ,012  +  1  x  10" where  v  is 
the  axle  speed  in  INCHES/SEC,  Thus, 

(4a, 35)  =  pr  Rp  =  (.Oi2+‘>»o  V)F^r?t 

Or  alternately,  -  (<oi2+  @  p  R  t  ,  ^  r.  ^  <0  (  ^ 

Since  FRRA  *  C«r  ,  the  rolling  resistance  coefficients  are 
established  as: 

(4a. 36)  Dse  =  .oiz  CMr  Rt  =  (.oiz)(sS3o)(2o  .  -»)  -  235-0^ 

(4a. 37)  Dva  *  Rr  -  ($S'bo*i'oX?£>.si)Zz  40.3  Itsec 

Figure  A40  shows  the  friction  coefficient  for  a  tire  slid¬ 
ing  (i.e.  full  skid)  on  a  dry  concrete  runway  as  a  func¬ 
tion  of  velocity.  This  data  is  taken  from  Reference  3  and 
is  applicable  to  a  typical  runway  contaminated  with  rubber 
deposits  from  previous  airplane  operations.  Table  A9 
below  lists  the  appropriate  coefficients  fs-_  equation 
(4a, 22)  which  apply  for  dry  and  wet  runway  surface  condi¬ 
tions  . 


Table  A9  Runway  Friction  Characteristics 


SYMEOL 

UNITS 

UT, 

mam 

.050 

.200 

UT2 

.180  ^ 

.450  .3 

Et 

.065  x  10  f 

.065  x  10  , 

BSH 

1.0  X  10 

2.5  x  1C 

Initial  Conditions 

All  initial  conditions,  except  wheel  and  tire  rotational 
speed,  will  be  set  to  zero.  From  the  airplane  system  at 
time  =  0,  Vp  «  2400  and  SM  »  2.245.  Using  equation 
(4a ,16)  results  in: 

(4a. 38)  Rr  =  5  -  23.32  -  ^  (2.245)  *  22,fc-7  in 

In  order  that  VK  be  zero,  equations  (4a. 18)  and  (4a. 19) 
show  that: 
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Airplane  Velocity 


Airplane  Velocity  -  2400  In/Sec 


Tire  Footprint  Velocity  Km/sec) 


Figure  A4G  Tire  Sliding  Friction  Coefficient 
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4b. 


WHEEL  AND  TIRE  SYSTEM  (3  DEGREE) 


Figure  A41  shows  the  components  of  the  wheel  and  tire 
system.  The  wheel  and  tire  system 


Figure  A41  Components  of  the  Wheel  and  Tire  System 

for  the  3  degree  airplane  system  is  essentially  the  same  as 
for  the  flywheel  model.  The  Airplane  System  still  furn¬ 
ishes  the  tire  deflection  and  the  tire  vertical  load 
f>ivt  .  The  ground  speed,  however,  is  no  longer  furnished  by 
the  Airplane  System,  but  is  found  by  summing  forces  on  the 
tire,  wheel,  brake,  and  ax’e  mass.  The  horizontal  force 
exerted  on  the  axle  by  the  airplane  is  calculated  by  obtain 
ing  the  translational  (X**)  and  rotational  (%)  gear 
positions  from  the  Airplane  System. 


Referring  to  Figure  M2  equation  (4a. 1)  in  the  flywheel 
system  changes  to 

(4b  .1)  F6  =  C&(Xa*~X  Vi/)  ^  (X^/"Xvv) 


Equations  (4b. 2)  through  (4b. 9)  are  listed  for  com¬ 
pleteness,  although  they  are  the  same  as  (4a. 2)  through 
(4a .9)  . 

(4b. 2)  FTT  =  CrrlXTr  "  Xw)  +  ETr  (  Xrr  ~  X  y  )  +0T<y  (Xti--*") 

(4b. 3)  Dtt(Xv~Xv)  -  ETrC^Tr^Xy) 

(4b.  4)  W&w  Xw~  F  FTT 
(4b. 5)  Wre  Xrr  =  ”  Fit  ”  *"st  + 

(4b. 6)  -  Rite  Wr  wO/yvu^Br) 

(4b. 7)  ^s>kv  “ 


Figure  A43  shows  the  rotational  model  of  the  wheel,  tire, 
axle,  and  lower  strut  with  the  gear  rotation  ©c-  added. 
Including  the  effect  of  0G  there  follows: 

(4b. 8)  Ter  1  CeT(ew-er)  +  EBT(ew-ey)  7-) 

(4b. 9)  -  -^y) 

(4b.  10)  Ts  -  Ces  (0s+e<,)  +  j>  RS  (es+  ©6) 


Figure  A43  Tire  Rotational  Ifodel 


Equations  (4b. 11)  through  (4b. 16)  are  the  same  as  (4a. 11) 
through  (4a . 16) . 

(4b. 11)  Hr  -  Ret  “ 

(4b. 12)  Tre  =  SK  (£><;*  + Dvc>Wr) 

c 

5t*i  r  Dv (2. Wt  ) 
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if  WT  >  o 
tf  Wt  *  0 
i  f  W  t  ° 


(4b.l3)W150s  —  Tgr  Ts 

(4b .  14)  Wjv  0**  =  ~Tgi-  —  T gy 

(4b.l5)WIT0T  =  HrFer  +  ~TfcT  ~TGB 

(4b.  16)  R*r  ~  R©r  ~  3  SM  ~  W-ee  (  X tt  “ Xyv  ) 

Because  the  ground  is  now  stationary  equation  (4a. 17) 
becomes 

(4b.  17)  Vfcs  =  XTr 


The  remaining  equations  are  unchanged  except  for  noting 
that  the  outputs  Xwm  and  required  for  the  Airplane 
System  are  obtained  by  renaming  Xrr •  Thus  X^s  Xrr  and 
=  XTT  .  Continuing, 


(4b.  18)  V  iz  ~  ^es  ”  Rr  Wr  (.  U///£V?t  Wt~  ^r) 

(4b.  19)  We  =  Ww  -  Ws 

(4b. 20)  Fwmp  -  (,  \  —  CHy  (  Vrs  /  VHv}Z  ) 

(4b. 21)  FVr  ~  ►  WMF'  +  'Dhy 


(4b. 22)  Ur  = 


Mr/  +(Mrt  'frfat  j  £  4$ 

\lMn v< 

'Ai-Uh-A-I^r)^  i  (■/**■•*'*» 


} 

i 
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B. 


Parameter  Evaluation 


The  parameter  values  for  this  system  are  essentially  the 
same  as  for  the  wheel  and  tire  system  that  corresponds  to 
the  flywheel  system.  One  difference  is  the  values  for 
C&  and  D6  which  are  derived  in  the  Airplane  System  (3 
degree) .  These  values  are 


(4b.  23) 


-  20 0,000  It >/io 
Do.  -  7Q.£>  lb  sec/m 


Since  this  system  moves  with  the  airplane  the  initial  con¬ 
ditions  should  match  the  Airplane  model.  Thus 


(4b. 24) 
(4b. 25) 


X  tto  -  in 

X  fro  -  2400  in/s-dc 

X  wo  -  0.774  m 
Xvvo  -  i4oo  tn/s ec. 


From  equation  (4b. 16) 

(4b. 26)  Rt  =  Rot  -3$m  r  23.32  -  .80  =  22. S2  IN 
Thus  for  a  ’’spun  up"  tire,  we  have  from  equation  (18) 

(4b. 27)  WT  “  V^s/^r  =  2400/22,52  =  I  CL, 7  raxiAec 


Then 

»  * 

(4b. 28)  Oto  z  ©wo  ”  106.7  r^d/sec 

Also  from  equation  (10) ,  choose  <9S o  so  that  zero  torque 
is  produced. 


(4b.  29)  @so  =  &  go  =  .0320  .*act /sec 
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4c.  TIRE  AND  WHEEL  SYSTEM  (6  DEGREE) 

The  wheel  and  tire  system  for  the  six  degree  problem  is  the 
same  as  that  described  in  "he  three  degree  systen  except  for 
inclusion  of  the  lateral  mode.  Equations  (4c. 1)  through 
(4c. 17)  are  the  same  as  (4b.  1)  through  (4b.  17)  in.  the  three 
degree  system. 

A.  Mathematical  Description 

(4c. 1)  F*  “C&(Xax'Xw)  +  Dg  (  Xax  ~  Xw) 

(4c. 2)  F>t  s  Crr(XrT  +  FTT(Xrr  -  Xy)  +  Du/ (Xnr 'Xi^) 

(4c, 3)  DrT^Xy~Xw)  =  E-rT^X-rr“Xy) 

(4*?. 4)  WcwXw  ~  F&  +  Ftt 
(4c,  5)  Wtg  Xyr  ~  —  Frr  -  ^bh 
(4c.6)  = 

(4c. 7)  F^i?v  - 

(4c. 8)  Trt  =  Crt(&w-9t)  +  EeT  (0w  ~(9y)tDT^/ 

(4c.  9)  DftT(0y"Or)  —  E:  (j-r  (  ©w'^y) 

(4c.  10)  Ts  =  Ces  (@5  +  Dg.s  (.©s  ~  ©*) 

(4c.  11)  Hr  =  Rst  - 


(4c. 12)  T^e  =  / 

Sm  (Dss  ^  Wf ) 

if  Wr  >  O 

o 

0 

ii 

? 

vtt 

( 

(“  Dsz  ^  ^V(l  Wj) 

if  Wr  <  o 

(4c.  13)  W15©5  = 

V  -  Ts 

(4c.  14)  WIvy©vv  = 

~T"et  'Ter 

(4c. 15)  wITeT  = 

Ht  F£r  **  rtT  -  T£e 

(4c.  16)  Ky  ~  ~  3  5m  “  (iee  (  Xrr  “ 

(4c. 17)  Vres  ”  XjT  ~  also  Xy/M  -  XTy 
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Equation  (4b. 18)  which  gives  the  relative  veljcity  between 
the  footprint  and  the  ground  is  changed  to  account  for  the 
lateral  footprint  velocity  YH  ♦ 

(4c.  18)  V„  =  V  +  X 

Equations  (4b. 19)  and  (4b. 20)  are  unchanged. 

(4c.  19)  W0  =  Ww  ~  Ws 

(4c. 20)  "  ("nm  C  I  —  CHy  C  Ves  /Vwy)  ) 

Now  VRX  is  the  relative  velocity  in  the  x  direction  so 
(4c.  21)  Vpx  =  Vizs  ~  R  r  Vr 

Thus,  the  angle  /3T  which  defines  the  friction  force  direc¬ 
tion  as  shown  in  Figure  A45  is  given  by 

(4c. 22)  (Zr  -  <W<  yM/Ve*> 


Fwd 


View  looking  down 


Figure  A45  Footprint  Friction  Components 


Figure  A46  Wheel  and  Tire  System  (6  Degree)  Equation  Flow  Diagram 


Thus,  P0r  is  now  given  by 

(4c. 23)  For  =  Fn„f  Ur  +  DKV 

and 

(4c. 24)  UT  -  ) 

1  +(/Urt Sr/ts)  £  *  ]  if. 

The  lateral  friction  force  F*y  is  given  by 

(4c. 25)  F^v  *  UT^t,</3r> 

The  airplane  produces  a  lateral  position  yAX  of  the  axle. 

If  Ym  is  the  lateral  location  of  the  footprint,  then  a  lat¬ 
eral  force  F^r  is  produced  and 

(4c. 26)  Fsr  ~  Cst  ^  Vaa  —  ^sr  ^  y**  ~  Yivi) 

Finally,  forces  can  be  summed  laterally  on  the  footprint  to 
obtain 

(40.27)  Wre  Fsr  -  FS< 

B.  Parameter  Evaluation 

Wheel  and  Tire  System  Parameters 

Most  of  the  parameter  values  were  derived  in  the  wheel  and 
tire  system  that  was  used  with  the  flywheel.  The  only  addi¬ 
tion  is  the  evaluation  of  CST  end  DtT . 

From  reference  1  (p.15) 

(4c. 28)  K*  =  r*w(P*.Z4P*)(i-  -7(S0/w)) 

Assuming  that  So  *  2.245  in.,  then 

(4c. 29)  CST  =  (2  )(  18  )  (  1.24  )(  I50)(l-  .7(2.245/18)) 

(4c. 30)  Csy  -  (a 4-fcO  Jb/in 

Using  OuN.  =  V  K/m  =l/^^b0/.0725  =  255,4 

Using  ^  »  .1  (from  page  50  of  Ref.  1)  results  in 

(4c. 31)  DSr  *  ^Csr/oJ*  =  t\)((.*<60)/298A-  2.|b5 
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Initial  Conditions 


The  only  difference  between  this  and  the  three  degree  sys¬ 
tem  is  evaluating  yMO  and  vM0  .  it  should  be  that  Ymo  - 
Since  this  system  is  used  for  both  right  and  left  sides,  then 
yM0  will  differ.  Assume  that  this  system  is  used  as  the 
right  wheel  and  tire.  Then.  yMO  =  as  in  equation 

(4c. 56).  From  this  equation  at  Time  -  0,  (since  R  =  P  -  0), 
then 

(4c. 32)  VMO  -  =  X,  +■  Ssuc  —  O  +■  (oO  —  toO  in 

Similarly 

(4c. 33  Vno  =  =  yo  -  o.o  in/ s^c 
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v(o)  1  /v  Horizontal  Force  at  Axle 

v  it>  Lateral  Tire  Load  (On  Ground) 

v  lb  Horizontal  Wheel  Inbalance  Force 

v(o)  lb  Vertical  Wheel  Unbalance  Force 


Table  A12  Wheel  and  Tire  System  (6  Degree)  Parameters  (Sheet  2  of 
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Table  A12  Wheel  and  Tire  System  (6  Degree)  Parameters  (Sheet  3  of  5) 
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5.  WHEEL  SPEED  SENSOR 


The  primary  input  parameter  to  an  electronic  antiskid 
control  circuit  is  an  airplane  wheel  speed  signal.  For 
conventional  control  circuitry  the  input  must  be  a  direct 
current  voltage.  The  wheel  speed  sensor  may  have  any 
of  several  forms  such  as  a  D.C.  tachometer  or  an  A.C. 
tachometer  with  variable  voltage  or  frequency  converted 
to  a  direct  current  voltage  by  suitable  electronic  cir¬ 
cuitry.  The  control  circuit  input  signal,  ,  is  a 
function  of  the  wheel's  angular  velocity  relative  to  the 
axle  (tachometer  mount)  and  the  characteristics  of  any 
associated  electronic  circuitry  used  for  radio  interference 
suppression  and/or  for  conversion  of  A.C.  frequency  or 
voltage  signals  to  D.C.  voltage.  To  provide  the  means  for 
mathematically  describing  the  control  circuit  input  signal 
for  a  variety  of  wheel  speed  sensors,  two  approaches  are 
taken.  The  first,  identified  as  Option  1,  is  applicable 
whenever  there  is  a  perceptible  phase  lag  between  actual 
wheel  speed  and  the  antiskid  circuit  input  as  is  generally 
the  case  where  A.C.  voltage  signals  are  converted  to  D.C. 
or  where  a  D.C.  tachometer  is  driven  through  an  elastic 
coupling.  A  second  simpler  mathematical  description, 
called  Option  2,  is  provided  to  minimize  computation 
difficulty  and  expense  where  no  significant  phase  lag 
exists. 

A.  Mathematical  Description 
Option  1 

Assume  that  a  D.C.  tachometer  generator  is  mounted  on  the 
axle  and  is  driven  by  the  wheel.  The  output  of  the  hypo¬ 
thetical  generator  is  assumed  to  be  applied  to  a  linear 
force  motor  which  acts  upon  a  single  degree  of  freedom 
damped  spring  mass  system  as  shown  on  Figure  A47.  The 
control  circuit  input  signal,  trizj  ,  is  proportional  to  the 
mass  displacement.  By  adjusting  the  relative  character¬ 
istics  of  the  linear  force  motor,  hypothetical  generator, 
spring,  mass  and  damper  a  mathematical  description  of  a 
wide  variety  of  wheel  speed  sensors  can  be  accommodated. 
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“  **  • 


The  output  of  the  hypothetical  generator ,£W,  Is  proport¬ 
ional  to  the  wheel’s  angular  velocity  relative  to  the  axle, 
\Ale,  as  defined  by  equation  (5.1).  Angular  velocity ,  Wa  , 
is  obtained  as  an  output  of  the  tire  and  wheel  system. 


(5.1) 


E ws  -  G  uvs  \A/e 


The  force  produced  by  the  linear  force  motor,  Fw*,  is  pro¬ 
portional  to  the  generator  output, Ews,  as  defined  by 
equation  (5.2). 


(5.2) 


-  Cwg  & 


\AJS 


The  hypothetical  mass  displacement , is  obtained  from 
equation  (5.3X  which  results  from  summing  forces  on  the 
hypothetical  mass ,  \A4vu . 


(5.3) 


F\a/s 

IA/ia/s 


C\AJi 


Qws 


The  antiskid  circuit  wheel  speed  input  voltage  signal,^, 
is  proportional  to  the  hypothetical  mass  displacement, Xv**> 
as  defined  by  equation  (5.4). 


(5.4)  Eg  -  Ccgv  Kws  + 

In  equation  (5.4),  F'sU  is  any  extraneous  "noise”  which 
might  be  present  due  to  the  operation  of  other  aircraft 
systems,  etc. 


The  equation  flow  diagram  is  shown  on  Figure  A48. 
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Option  2 


For  cases  where  the  wheel  speed  transducer  is  a  D.C.  tach¬ 
ometer,  or  equivalent,  driven  through  a  rigid  coupling 
(such  as  the  F-104  and  F-lll)  there  is  usually  very  small 
difference  between  the  actual  wheel  speed  and  antiskid 
control  circuit  input  (i.e.,  very  low  phase  lag  or  atten¬ 
uation)  and  the  extra  mathematical  complication  incurred 
by  using  a  very  high  gain  second  order  equation  is  not 
justified.  For  these  cases  the  antiskid  control  circuit 
input  voltage  may  be  considered  proportional  to  the  wheel's 
angular  velocity  as  defined  by  equation  (5.5). 

(5.5)  \/Je  e  Esa/ 

No  equation  flow  diagram  is  shown  for  Option  2. 

B.  Parameter  Evaluation 
Option  1 

The  objective  of  using  a  single  degree  of  freedom  damped 
spring  mass  system  to  describe  the  antiskid  control  cir¬ 
cuit  input  is  to  provide  a  mathematical  "tool"  whereby 
phase  lag  within  the  wheel  speed  sensor  device  can  be 
accounted  for.  Consequently,  the  values  for  mass,  spring 
rate  and  damping  coefficient  are  chosen  to  produce  the 
desired  effect  rather  than  to  describe  physical  devices. 

The  other  coefficients  are  chosen  to  achieve  compatibility 
with  the  control  circuit.  For  the  F-lll  modulated  antiskid 
circuit  let  the  hypothetical  tachometer  coefficient  be  the 
same  as  for  the  actual  F-lll  tachometer,  12  volts  per  thous¬ 
and  RPM.  Therefore: 

(5.6)  ws  ~  JZZfZTrr  =  'W  voxTstc/f/to 

Let  the  force  motor  coefficient,  the  elastic  system  spring 
rate  and  output  voltage  coefficient  all  be  equal  to  unity 
so  that  for  steady  state  conditions  the  control  circuit 
input,  £$  ,  is  the  tachometer  output.  Therefore: 

CvVS  -  /• O  /6f-/Voxr 
CW5  =  t.D  Ikl/jMeri 

Ccqv  -  l.o  \/OLr  //A/C/S 
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Based  on  information  furnished  by  the  Goodyear  Aerospace 
Corp.  the  component  characteristics  and  arrangement  which 
is  usually  utilized  for  converting  A . C .  frequency  to  D.C. 
voltage  produces  about  30  degrees  (or  greater)  phase  lag 
at  5  cps.  The  following  equations  from  reference  12 
describe  the  single  degree  of  freedom  system's  behavior 
when  an  oscillatory  force  Xo  K  S//V  Ujtr  is  applied. 

X  ^  ' 

Sr. 


(5.8) 


Zwd  -- 

f  /  -  t^/uJn\Z 

In  these  equations  $  is  the  phase  angle,  D+zs/ziA/ms  UJa. 
is  the  damping  factor,  u)n  s  fCWi/tvW  *-s  the  undamped 
natural  frequency,  c a  is  the  frequency  of  applied  oscil¬ 
latory  loading,  and  X/Xo  is  the  magnification  factor. 

If  the  degree  of  attenuation  and  phase  angle  are  known  at 
a  particular  frequency,  the  undamped  natural  frequency  and 
damping  factor  are  established.  Assuming  two  percent 
attenuation  and  30  degree  phase  lag  at  5  cps,  the  equations 
above  give  an  undamped  natural  frequency  of  14.6  cps 
(91.8  Q.ua/j£c)  and  a  damping  factor  of  0.746. 

For  an  undamped  natural  frequency  of  91.8  AAO /s^c  and  a 
spring  rate,CWi‘  ,  of  1.0  l tot-// N  the  mass ,  VIA*1*,  is  estab¬ 
lished  as  Q.JlQSKid'^ibi-sfcy/fJ.  The  damping  coefficient, 

,  is  established  from  the  mass  and  damping  factor  as 

(5.9)  Dws  -  O.l(eZ3*i0~z  lbfse<L///J 

Option  2 

For  use  with  the  F-lll  modulated  antiskid  control  circuit, 
use  the  actual  F-lll  tachometer  output  of  12  volts  D.C.  per 
1000  RPM.  Therefore: 


(5.10) 


/2k  bo 

v/Ocz  /oooxzrr  *  7  £&./*** 
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For  use  with  the  on-off  antiskid  circuit  as  installed  on 
the  F-104  (and  B-58)  the  tachometer  output  is  20  volts  per 
1000  RPM.  To  make  the  on-off  circuit  compatible  with  the 
F-lll  requires  that  the  difference  in  tire  size  (46.5  inch 
dia.  for  F- ill  versus  22  inch  dia.  fox  B-58)  also  be 
acc'N,,ritpd  tor.  Therefore,  for  the  on-off  antiskid  circuit 
use: 

(5.11)  G*oc-  ~  0,4-  vo^r s*c/*jh> 


Table  A13  Wheel  Speed  Sensor  Parameters  (Sheet  1  of  2) 
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6a.  MODULATED  ANTISKID  CONTROL  CIRCUIT 


After  introduction  of  on-off  type  antiskid  systems,  it 
became  apparent  from  various  analyses  and  studies  of  test 
results  and  operational  performance  that  braking  effec¬ 
tiveness  could  be  increased  if  the  number  of  antiskid  cycles 
and  their  intensity  could  be  minimized.  To  minimize  anti¬ 
skid  cycling  occurrences  and  intensity,  it  is  necessary  to 
control  the  amount  of  brake  torque  being  applied  such  that 
the  available  friction  torque  is  not  exceeded  for  as  much 
of  the  time  as  is  possible.  A  number  of  devices  utilizing 
various  principles  of  operation  have  been  used  for  this 
purpose.  These  devices  predominately  utilize  the  principle 
of  regulating  or  "modulating1'  brake  pressure  to  keep  its 
value  as  near  as  possible  to  that  which  will  produce  a  skid. 
One  of  the  first  of  these  type  devices  is  a  hydraulic  pres¬ 
sure  modulator  comprised  of  an  orifice  and  accumulator 
installed  upstream  from  the  pilot's  metering  valve  and 
configured  such  that  repetitive  antiskid  cycling  causes  a 
temporary  reduction  in  pilot's  metered  pressure.  The 
Convair  Model  880  airplane's  Hytrol  MKI  antiskid  system 
with  hydraulic  modulation  is  a  typical  example  of  this  type 
installation. 

A  subsequent  development  was  the  Bendix  system  which  is 
used  on  Grumman  A6A  and  Lockheed  C141  aircraft.  This 
system  combines  hydraulic  modulation  accomplished  within  the 
off-on  type  control  valve  with  two  levels  of  skid  detection, 
(i.e.,  brake  pressure  reduction  in  two  steps  controlled  by 
skid  intensity) .  Further  improvements  have  been  achieved  by 
utilizing  a  servo  type  pressure  regulating  valve  with  elec¬ 
tronic  control  to  achieve  a  wide  range  of  control  charac¬ 
teristics  and  better  accommodate  widely  varying  runway 
friction  conditions  encountered  during  aircraft  operation. 

The  Goodyear  Adaptive. system  used  on  General  Dynamics  F-lll 
aircraft  and  the  Hytrol  MK  II  system  used  on  McDonnell- 
Douglas  F4C  and  LTV  A7A  aircraft  are  examples  of  the  servo 
valve  type  systems.  Within  each  of  the  types  or  classes  of 
systems  there  are  a  number  of  variations  in  circuitry  and 
component  arrangement  depending  upon  the  aircraft  type, 
landing  gear  arrangement  and  configuration,  and  the  airplane' 
mission  requirements.  For  this  program  a  mathematical  model 
of  the  F-lll  airplane's  Goodyear  Adaptive  Antiskid  Control 
Circuit  is  developed.  Models  for  other  type  circuits  can 
be  developed  using  similar  procedures. 


EL  SPEED  AIRPLANE  SPEED 


Modulated  Antiskid  Control  Functional  Block  Diagram 


Figure  A49  is  a  block  diagram  showing  the  basic  f*  tional 
elements  o£  the  Goodyear  adaptive  antiskid  control  circuit 
as  used  on  the  F-lll  airplane  and  showitig  the  relationship 
of  the  control  circuit  to  the  other  brake  system  components. 
During  antiskid  circuit  operation,  a  wheel  speed  signal  is 
provided  as  an  input  to  a  deceleration  detector.  Within  the 
deceleration  detector  the  wheel's  deceleration  rate  is  com¬ 
puted  and  compared  to  a  threshold  value  provided  by  a  skid 
detection  threshold  circuit  element.  The  deceleration 
detector  produces  a  skid  signal  proportional  to  the  amount 
by  which  the  wheel's  deceleration  rate  exceeds  the  threshold 
value.  The  skid  signal  is  applied  to  a  valve  control 
amplifier  which  in  turn  produces  a  valve  control  signal 
proportional  to  the  input  skid  signal  plus  nny  pressure  bias 
signal  which  might  exist.  The  valve  control  signal  is 
supplied  to  the  antiskid  control  valve  (a  servo  type  pres¬ 
sure  regulator)  for  brake  pressure  control  and  to  a  modu¬ 
lation  circuit  element.  The  modulation  circuit  element 
interprets  the  valve  control  signal  and  provides  a  pressure 
bias  signal  to  the  valve  control  amplifier  and  a  threshold 
control  signal  to  the  skid  detection  threshold  circuit 
element.  The  wheel  speed  signal  is  also  supplied  to  the 
locked  wheel  prevention  circuit  elements  consisting  of  an 
airplane  speed  reference  and  a  wheel  speed  comparison 
element.  When  the  airplane  speed  reference  indicates  that 
the  airplane's  speed  exceeds  "locked  wheel  arming  speed" 
(usually  20  mph)  and  simultaneously  the  wheel  speed  is  less 
than  that  which  should  exist  for  a  slightly  lower  airplane 
speed  (usually  10  mph) ,  the  wheel  speed  comparison  circuit 
element  produces  a  skid  signal  sufficient  to  fully  release 
the  brake.  Locked  wheel  arming  speed  is  chosen  as  some 
reasonably  low  speed  below  which  a  locked  wheel  is  not 
particularly  detrimental.  The  locked  wheel  feature  is 
deactivated  below  locked  wheel  arming  speed  so  that  the 
airplane  can  be  brought  to  a  complete  stop.  The  aircraft 
circuit  also  incorporates  circuit  elements  for  failure 
detection,  automatic  cutoff  and  prevention  of  brake  appli¬ 
cation  prior  to  touchdown.  These  logic  type  functions  do 
not  affect  aircraft  stopping  performance  and  are  not 
included  in  this  analysis. 

A.  Modulated  Antiskid  Circuit  Mathematical  Description 

A  simplified  schematic  diagram  of  the  Goodyear  adaptive 
antiskid  circuit  for  one  wheel  as  used  on  F-lll  type 
aircraft  is  shown  on  Figure  A50.  This  circuit  acccm- 
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plishes  deceleration  skid  control  as  previously  described 
in  the  control  circuit  functional  description  as  follows. 

An  input  voltage,  ,  is  provided  by  a  wheel  driven  D«  C. 
tachometer  generator  (gm).  £0  charges  the  deceleration 

detector,  capacitor, Ct  ,  through  resistance  R$  and  diode  06 
during  wheel  spin-up.  For  normal  wheel  deceleration  rates, 
with  no  incipient  skidding,  the  generator  voltage  will 
decrease  relatively  slowly  and  a  small  current  will  flow 
from  the  positive  side  of  C/  through  /?«  ,  the  generator, 
R<,Rzt  and  transistor  Qi  to  the  negative  side  of  Ct. 

This  current  discharges  capacitor  O  and  causes  its 
voltage  to  closely  follow^.  Transistor  Gh  is  the  skid 
detection  threshold  circuit  element.  Qi  is  a  current- 
limiting  device  that  offers  very  low  impedance  to  current 
below  its  threshold  value  and  extremely  high  impedance  to 
any  current  above  that  threshold.  The  threshold  is  con¬ 
trolled  by  Rz  .  Diodes  Oz  and  Oj  provided  bias  voltage 
for  the  operation  of  Qi .  When  an  incipient  skid  occurs, 
the  generator  voltage  decreases  rapidly  and  since  <2i  limits 
the  discharge  current  into  Ci  ,  the  voltage  at  the  negative 
side  of  Ci  decreases  and  causes  current  to  flow  through  Rsa, 
Rb ,  Qt;  and  Rs  .  The  current  into  the  base  of  Qi  is 
amplified  by<ft,  ,  Qs,  <3t,  and  Q 7,  (the  valve  control 
amplifier)  to  produce  a  voltage  across  Rv  ,  the  antiskid 
valve  coil.  Voltage  applied  to  the  antiskid  valve  causes 
brake  pressure  to  be  reduced  proportionally  and  thereby 
alleviate  the  incipient  skid.  Antiskid  valve  voltage  is 
feedback  to  the  amplifier  input  through  £7  to  stabilize 
amplifier  gain  against  changes  due  to  temperature  and 
component  characteristic  variations. 

Antiskid  valve  voltage  pulses  are  transmitted  to  the  modu¬ 
lation  circuit  elements  through  capacitor  C4.  .  Within  the 
modulation  circuit  element,  consisting  of  £4,  ftu  ,  Ri2; 
07,  O  ,  Cz  ,0-?  and  #4,  each  increase  in  voltage  to  the  valve 
produces  an  increase  in  the  charge  on  C$ .  Voltage  on  C3 
causes  (£4  to  charged  .  Since  Cz  discharges  through  RBb,  Rg/t, 
and  R 1  ,  the  voltage  on  Ct  provides  a  threshold  control 
signal  to  £3.  The  charge  on  C3  ,  and  in  turn  on  Cz  ,  is 
a  function  of  the  amplitude  and  frequency  of  valve  voltage 
pulses.  Voltage  on  Cz  is  also  applied  to Qt  through  Res 
and  04  to  provide  a  pressure  bias  signal  to  the  valve  con¬ 
trol  amplifier.  The  operation  of  the  modulation  circuit 
element  results  in  an  automatic  threshold  change  to  the  skid 
sensing  circuit  and  a  bias  to  the  valve  control  amplifier 
to  match  the  braking  conditions  being  encountered. 
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The  mathematical  description  of  the  operation  of  the 
Goodyear  adaptive  electronic  antiskid  control  circuit  as 
shown  on  Figure  A50  is  developed  with  conventional  cir¬ 
cuit  analysis  techniques  using  Kirchhoff's  Laws.  Figure 
A51  is  the  schematic  diagram  from  Figure  A50  with  the 
transistors  and  diodes  shown  in  terms  of  their  equivalent 
circuits  and  the  various  currents  and  voltages  identified. 
The  transistor  and  diode  equivalent  circuits  are  adapta¬ 
tions  of  equivalent  circuits  developed  and  described  in 
references  13,  14  and  15.  Some  of  the  diode  forward  resis¬ 
tances  are  combined  with  other  resistance  in  series  with 
the  diodes  and  are  not  shown  separately.  Also,  since  the 
current  through  Rq  (the  output  resistance  of  the  wheel 
speed  signal  source)  has  three  non -mutually  influencing 
components ,  Rq  is  included  in  Ra  ,  Roe.  and  y  to  simplify 
equations.  Other  simplifications  will  be  described  and 
discussed  during  the  development  of  equations. 

Referring  to  Figure  A51,  the  circuit  equations  are 
developed  as  follows: 

The  voltage  across  capacitor  C|  is  defined  as: 

(!)  Vc,  ~  f  Vci  dt 

(Al)  Vci  =  $ci/Ci  o/L  V/Ci  ~  fic\  C(o08 

/?c i  is  the  current  through  G  and  Ci  is  the  capacitance. 
/Id  is  established  by  summing  currents  at  node  (tipi  as: 

(Nil)  Ac>  -  fioB- 

Using  Ohm's  law  and  summing  voltages  around  the  loop 
of  which  Roa  is  a  part,  /?oe  is  established  as: 

(Rio)  /)oe-  (E6-Vci-Eoe)/foe  Foa  -for) >o 

-  O  FOR LE$'\/c, -tot )~0 
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Noting  that  because  of  diode  D$,  fog  is  restricted  to 
positive  values  only. 

To  combine  constants,  write  equation  (RIO)  as: 

(RIO)  A 08  =  ( -Zc^Cm  -C&zt  ft*.  L£$  '  % ) >£**>/&* j 

"  o  /zyt  Urti  -ib )  -  C(,Zi/Cbi 


By  summing  currents  at  Node  (N12,  current  /hz  is  established 
as; 


(N12) 


An  ~  /fe  *  $cq\ 


Substituting  equation  (N12)  into  equation  (Nil)  gives: 
(Nil)'  Act- 


To  compute  (\cci I  it  is  desirable  to  first  obtain  equations 
for  the  voltages  at  the  base  and  emitter  of  6l\  in  terms  of 
the  base  and  emitter  currents  and  the  appropriate  voltage 
sources.  The  voltage  at  the  base  of  is  \lfZi  .  Summing 
currents  at  Node  (Ntt  establishes  current  as: 

(N1)  Ar\  =  flea  it  ft  R0  Q- 

Summing  voltages  around  the  loop  R.i,  %88  to  Vcz. 
gives:  (rqB  =  ^CZ  - Vfii  .  If  the  current  through 

diode  O4.  is  assumed  negligible,  then  Akqa  =  /}AQ8, 
(Because  of  the  relative  resistances,  the  current  through 
O4.  is  a  very  small  fraction  of  the  current  through  fas') . 

By  Ohm's  law,  V/&A  +/A98  ^  £8 A  LR.8A  f-#9d)  and 
Vft  ~  fl\  »  Substitution  into  equation  (Nl)  and 
solving  for  vfei  gives:  * 

(ND-  y*  =  *,(*,,  *  /  (I  I'gfa,) 


The  voltage  at  Node  (^2)  is  EOZ+Y/tOZ  .  (Here  two  diodes 
Dz  and  Oj  as  shown  on  Figure  50  are  combined  in  an 
equivalent  single  dioc’e).  Summing  currents  at  Node  Hm 
establishes  current  flat  as.' 

(N2)  :  fioi  =■  -/Us  -  yfe?/ 

By  Ohm's  law,  1 !X01  ~AozRf>2.  j  VX4-  A*4  t  and 
(l/C5X  Wms}  -  AdS  l  t  Xsb)  (Note:  Because  of  the 

relative  resistances,  /fct  is  a  very  small  component  of 
the  current  in  Rsa  and  is  assumed  to  be  zero  when  computing 
I fcoz  .)  Summing  voltages  around  the  appropriate  loops 
establishes  that  U4- V^/'VX0Z'Eoz  and  ]/£Sa  t/eSfl  - 
V&Ott  Eoz,  •  By  substitution  into  equation  (N2)  and 
solving  for  \Irxjz  gives: 

/h«>\  i  r  \i(i  i  i  j  i _ \  a  i  l 


(N2)’ 


l koz  ~ 


( ek  + 


j  -  /?S4tJ 

r~ 


Summing  voltages  around  the  loop  through  which 
(the  base  of  current  ^|)  flows  results  in: 

(Q-l)  JzDZ  +  VftOZ  -V&Z  -  l/sQ  |  -Est[- V&Qi  “  l//?\  -  O 


By  substituting  \fez  -  /)£Q\R.Z  ,  Ife&i  -  /?S<2i  /fatfi 
amd  \lBQ\-  A 6&\  ddQ.\  (From  Ohm's  Law)  along  with  equations 
(Nl)',  (N2)',  and  the  basic  transistor  relationship 
fiecn  =  (Kpfitl)  tfesi  into  equation  (Q-l)  and  solving  for 


Qoot- 


(Q"l)'  /?£<2i  =  C(oOL  -  Cbol  /cz,  } 

o  ■ -  k)/(L*k  %  *&)  -  H 

-  (s//1'  H)  *-  '/(£si  +£)\ 


_ 603 : 
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And  where  in  the  above  (&-  %j£A-tfisti  and  £(S/>  tfi.se* 

For  <5i  to  operate  as  a  transistor,  l/c«i  must  be  positive. 
Using  equation  £$-!)'  ,  the  basic  transistor  characteristic 
(Q2)  A^i-h«./fei/0uftw)and  by  writing,  the  voltage  loop 
equation  through  Oz  CL\ and L&etJ)  it  can  be  shown 
that  Vc<? |  is  positive  for  (f^-V'c/)  negative;  therefore, 
equation  (Q-l) '  is  applicable  only  for  ( O  * 
Substituting  (Q-l)  into  (Q-2)  gives  the  following  equation: 

(Q-1C)  ficQ  I  =*  C<o04  ~  Ccof  tiz  Foe.  L  £*  -  ti, )  <•  O 
-O  fo/l  l/c,)  -O 

-O  fot  1 fix  - 

Cioi  - 

Cios-  --  Cioi  i^Vi) 

By  summing  currents  at  node  current  fife  is  established 

as: 

(nio)  fi&i  =  Azaz  t  /Ian 

To  compute  the  components  of  /k$  (i.3. ,  A£Q,z  and /?^7  )  it 
is  desirable  to  have  equation  (NIO)  in  a  form  where  is 
expressed  in  terms  of  the  appropriate  voltages  and  resis¬ 
tances.  By  summing  voltages  around  the  loop/^,  £7  ,  C\ 
and  (aFM^V^is  established  as: 

(v?)  V^7  =  Ev-Vtf  - 


Substituting  equation  (V7)  along  with  Vfi3  ~  fis 
and  V/tf  =  /?/0  fin  into  (NIO)  gives: 

(Nl°) '  fa-. 

To  combine  constants  write  as: 

(NIO)  '  Afi?  -  /?£<&  C&IZ-  +  l/c,)] Ct/f 


/ t-  tfii+i/)  tfiirfiz) 
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To  compute  current  Attz.  ,  sum  voltages  around  the  loop 
through  which  z  flows: 

(Q-2)  Vy  -  V&az - £$2.  ~  -  \f#3  -  -o 

Here  voltage  Vy  is  the  base  voltage  on  Q2  and  is  either 
l or  (.Ufcz  whichever  is  the  largest; 

therefore,  there  will  be  a  version  of  equation  (Q-2)  for 
each  of  these  conditions.  To  establish  which  condition 
exists,  it  is  necessary  to  compute  -  Val)  and  iVcz'^S  ^) 


During  derivation  of  Equation  (N2) '  it  was  observed  that 
V&S/9  +I#f8  -  MtOi  ft=Oz  and  it  was  assumed  that  AfLL  was 
small  when  compared  to  Aes  .  Using  the  same  assumption 
VCs'B  is  established  as  follows  by  Ohm's  Law: 

(R-5)  VtSS  =  fltB 

By  substituting  A  At  l&jf/tr  £*'#)  = 
into  equation  (R-5)  above  gives: 

(R-5)'  \/&.S8  -  tits  (.VfcPZ  t-£sms) 


By  substituting  equation  (N2)  '  for  Hdox.  and  investigating 
the  influence  of  within  its  allowable  range,  it  can 

be  seen  that  for  practical  purposes  faffi  is  a  constant. 

To  compute  VAL>  ,  it  can  be  seen  that  equals  Apaz 
when  My  is  ;  therefore,  A  8  Az.  Ac,  by  Ohm's 

law. 

By  Ohm's  Law  $bb  .  Since  the  current  through 

D4  is  very  small  and  may  be  assumed  zero,  and  since  /).‘3A  I 
is  such  a  small  component  of  the  current  through  R1  that 
it  can  be  assumed  zero,  by  Ohm's  Law: 

(v8>  fkee^  fhteA*  \Jcz  J  L  +  &gb) 
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Therefore: 


(.  Vci -tfese  -£'04)  =  1>  t  fi,  rtefirtet)  '  J 

To  establish  whether  Vy-  CL^Cs'iS-  l/fcaj  on 

W  =  [  Vci-  L  -^7 

A  voltage  VB  will  be  defined  as  follows: 

(VB)  Ve  =  [M  '£o*l ' ( 

if  Ve  >  6>,  (vy-1)  Vy  =  L  Vcz  C™  -£d±{ 
if  Ve  ±  o  ,  (vy-2)  Vy  -  [  VteB  -  R<,  A  sail 


where  C/h  above  is  defined  as ; 

A,  r  #9fi 


Cryi  - 


A 1  t  £$fi- 


To  combine  constants  and  expressing  A3&2  as  AzQz/hfez+l 
equation^#)  may  be  written  in  the  following  form: 


(VB)  \f&  -  \!Cz  Cm  *  Aeaz Ceoi  ~C#ot> 


Before  proceeding  with  the  computation  of  Am  ,  the  valve 
control  amplifier  and  modulation  circuit  elements  will  be 
examined  to  develop  equations  for  £y  and  Vet  • 


By  summing  currents  at  Node  (N5) current  Apf  is  established 
as : 


(N5) 


Ads’  -  Ava  -  Act 


The  voltage  at  Node (N5)  is  defined  as  Vx  .  Summing  voltages 
around  the  loop  ,  p(, ,  Qsr  and  l/x  gives : 


(VX) 


\Ja  -  Ei/  '+£o<0  +  l/e  05-  + ^ps- 
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By  summing  currents  at  Node(^),  current  is  established 
as : 

(N4)  Ann  =  Ay-Ads' 


By  substituting  equations  (N4),  (N5),  and  (EV)  into 
equation  (VX)  and  by  using  Ohm's  Law  to  establish  that 
=•  Av&v J  //in  -  /}Rn  An  and  \J/}0g  i/)0g  Ads'  VX  is 
established  as: 

(VX) 1  Vx  =  Ads-  Cmo  +  Cm 

By  substituting  equation  (EV)  into  (N4)  and  using  the 
relationships  Ev-Av/ly  and  V/m^Ann  lln  XV  is  established 
as : 


(N4)  ’  Ey  -  A  OS  C406  +-  C40I 


The  operation  of  transistors  Q2,  Q3,  Q5,  Q6,  and  Q7  will 
now  be  considered  to  develop  an  equation  for  current  Ava 
(Valve  Control  Amplifier  Output  Current). 


By  summing  currents  at 
as : 


Node^NT;  current  Ay#  is  established 


(N7)  Am-  Assn  t  A/c 


By  summing  currents  at  Node 
as : 


current /)iC  established 


(N13)  An-  Anio  +  Aw 


By  summing  currents  at  Node 
established  as: 


current  AfUo  is 


(N6)  Azio  -  Asd(C>  ~  A 6611 


By  sunming  currents  at  Node(N9^  current  Aft$  is 
(N9)  Am  =  Ac(l3-A(?dl$- 


as: 


established 
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Summing  voltages  around  the  loop,  %eq-j  ,  and  £u> 

gives : 

(V10)  Vk/O  "  +  £qi  r  l/&41 


By  using  the  relationships  \lfUo  ~A&io  \/«27-/fer$7  JCeQ"/ 

and  lft?7  -  &47  as  established  by  Ohm’s  law 

along  rith  the  transistor  characteristic  fiecn  =  (,/ife7 t')  /?<347 
and  substitution  equation  (N6)  into  (V10)  and 

solving  for  A  8^  ; 


(V10)  ’ 


/)8an  = 


/ffggk  Rio  ~  ^37 _ 

[_  Ikpc^l)  t 


By  substituting  (V10) '  and  (N6)  into  the  relationship 
VA/o~  As.to  £io 

(A10)  )/a,0  =  fieau  C402.  +•  C40?  7 


Summing  voltages  around  the  loop  RIO,  ^  £g<a4>, 

foer  and  fa  gives :  7 

(V9)  £>r  fi 4q4.  *•£$(.  +  l4e4+l4«r 


By  substituting  equations  (A10)  and  (N9)  into  (V9)  along 
with  transistor  characteristics  fieau  ^Lkpec+i]  Asqg 
and  ficzz  =  Lkwtt)  /?^r  and  the  Ohm’s  Law  relation¬ 
ships  tA/it,  fa  »  ^£*u>  -  A#4<.  fo&G  , 

Vet? -tiers’  faar'  and  VgQr  '  ASQf  A  ear  and  solving  for 

/?*«4  ; 


(V9)  ’ 

/^a?6  = 


/?c«3  ~  LEcuo+C&z  +Cici  _ 

F/*  4  /C^fc+^ear  ,  Hear  *■ /U 

/CvozfXeqfcf  -r - - -  + - -j- - - — 

L-  rtfiF/t/ jinivii-/) 
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Substituting  equations  (N13),  (N6),  (N9) ,  and  (V9) 1  into 
equation  (N7)  along  with  transistor  characteristics 
Abqs-  (h  Fes-ri)  A  Self  and  Ae&  6  =  (.kfv<s  t/)  A  doc, 

and  solving  for  gives : 

A/a  ~  Acq?  (14C4-  —  ^¥oS" 


It  should  be  noted  that  these  operations  involving  Q5,  Q6, 
and  Q7  assume  that  Aca  ?  is  large  enough  such  that  At/ A-  is 
not  negative  and  that  the  applicable  supply  voltages,  VS1 
and  VS  2,  are  large  enough  to  keep  Vcqi  t  Veto,  and  Vc&f 
positive  at  all  times.  The  latter  assumption  can  be 
proven  to  be  true  for  the  range  of  currents  experienced 
during  circuit  operation.  If  /hQ3  is  not  greater  than 
C405/C404,  insufficient  voltage  is  developed  across  R9 
to  cause  Q5,  Q6  and  Q7  to  operate.  For  Acq$  less  than 
C405/C404  all  of  Acq3  goes  through  R9  and  Ava  =  Aca^j 
theref ore>  equation  (N7) 1  has  two  forms  depending  on  the 
value  of  Ac%3  .  Write  these  two  forms  as  follows: 


(N7)" 


AvA  -  /)c<23  f=o/L  /k&i 

/CVof 

HCq  3  ^  /fay  — 


Supply  voltage  VS2  is  large  enough  so  that  voltages  Vc%3 
and  l4<£3  are  always  positive  and  a  small  leakage  current 
Acq.30  flows.  All  the  equations  developed  here  are  for 
the  increment  of  /Icq 3  above  the  leakage  value. 

By  using  the  transistor  characteristics  Acq3  -  k\F£3  Ataz 
/5cai  «  Ae$i  Wfsx- /  *) 

And  if  at  Node  N15  flutfs- o  ~ 

then :  J 


AcQ3  =  A  £Q2.  C/fO(e 

Cm- 


C t  j) 

The  operation  of  the  modulating  circuit  element  will  now 
be  examined.  To  compute  valve  voltage  EV  from  equation 
(N4) 1  the  value  of  current  AoS  which  is  established  by 
Equation  (N5)  is  required.  Equation  (N5)  shows  that  a 
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component  of  /)[#  is  .  Before  developing  equations  for 
computing  Ac+  some  observations  relative  to  the  operation 
of  C4  and  Q4  are  helpful. 

By  summing  currents  at  Node  (N8)  current  Acf  is  established 
as : 


(N8)  fieq  -  /Ik  ii  -  /Ik  it 


However,  because  of  diodes  D7  and  D9  currents  Ann  and 
have  limitations  depending  upon  the  direction  of  voltage 
across  the  diodes.  Summing  voltages  around  the  loop  C3, 
Rll,  D9,  C4  to  VX  gives: 

(VII)  VciW/tn  -t/cf  -  /x  =  0 


Substituting  equation  (Vll)  into  the  expression 
Vfi.ll  -/Uh&h  fls  established  by  Ohm's  law  gives: 

(Vll)’  Mn  -- 

Because  of  D9,  ft/W  ~  O  fdfilj/k'/ca-aoq 


Summing  voltages  around  the  loop  C3,  R12,  D7,  C4,  to  VX 
gives : 

(V12)  Vc'z  “  l//?iz  -  £ 07  -tl/cy-  -l/x.  -d 


Substituting  equation  (V12)  into  the  expression 
\/£<L-/?Ri2.£i2-as  established  by  Ohm's  law  gives: 

(vi2)'  /)M  -  ^  >o 

Atz,  y 

Because  of  D7  A/Uh'O  koL  /k)  —  0 

Summing  voltages  around  the  loop  C3  through  Q4  to  C2  gives: 

(V-Q4)  I “ /cjl  =0 
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Since  the  currents  $60.4  and  Aedt-  in  transistor  Q4  are 
restricted  to  positive  values  only,  voltages  VBQ4  and  VEQ4 
are  always  positive;  therefore,  equation  (V-Q4)  shows  that 
VC2  is  always  less  than  VC3  by  an  amount  at  least  equal  to 
EQ4.  Also,  because  of  diodes  D7  and  D9,  no  current  can 
flow  from  C3  through  Rll,  D9,  D7  and  R12  to  C2.  For  these 
circumstances,  it  is  observed  (1)  that  tox/)c4  positive, 
all  of  Ac4  passes  through  Rll  and  all  of  AdW  is  Ac4 
and  (2)  that  for  f\t4  negative,  all  of  Ac 4  passes  through 
R12  and  all  of  is  -  Ac<Z, 

Since  there  cannot  be  positive  Ann  and  positive  A All. 
simultaneously,  equation  (N8)  evolves  to; 

(N8) 1  /)C4  ~  A  Alt  fot.  A  Hu  >6 

Act  =  o  roa  and  Aa/z-o 

flc 4  -  AfllZ>0 


By  substituting  equations  (fi5),  (VX) 1  and  (N7)"  into 
equations  (Vll) 1  and  (V12) 1 ,  equations  for  Ac4  are 
developed  for  each  case. 

The  remaining  equations  for  the  modulation  circuit  element 
will  now  be  developed.  Substituting  the  expressions 
V/2Q4  =  A&24-  and  ^£$4.  s  Aea 4  fedi  as  established  by 

Ohm's  law  along  with  the  transistor  characteristic 
A&44  ~  (K m h)  A844-  into  equation  (V-Q4)  and  solving  for 
Am  gives: 

(V-Q4)  *  Vc 3  -  £94- _ 

[_R.8<24  +*  Is)  ^{="44 ~J 

foK  \,Jc%~£q.4-  y  C> 


-0  -  O 
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To  combine  constants,  write  equation  (V-Q4)  as: 

(v-q4)  21  -C&23 

fUA.  Ax)  >  C&23 JCtll- 

-O  FOA.  (Aj-A »,)  —  C&1.1.JC&  2.2- 

Also,  since  current  AEQ4  is  needed,  define  the  transistor 
characteristic  as  equation  Q4: 

(Q-4)  A -  / 1sa<-  £6/<f 

where  ~  / ) 


By  summing  currents  at  Node 
established  as: 


current  fic 2.  is 


(N14)  /lez  =  /fe?4  “  /I Alt  -  A/ZQA 


Using  the  same  assumption  relative  to  A&fa  as  was  made 
ior  equations  (Nl)  1  and  (V8)  and  by  Ohm's  Law 
is  established  by  equation  (V8)  as; 

(v»)  flu  a.-  ^  ^Reneatt 


+  £?#  t 


(Repeated) 


By  summing  currents  at  Node  (N3)  current  fic  2  is  established 


ft  Cl  -  A ^//-/?/2/4  ~A ^$4 


Current  Am  is  computed  from  \Jc$  =  A?fi)4. 
established  by  Ohm's  law  and  /9&J4  is  computed  from 
'  qua t ion  (V-Q4)1  and  Equation  (Q-4). 


250 


Equation  (N8) '  establishes  that: 

AZlZ^-Acq.  Fot. 

~  0  Po<  Ac t  £  o 

fl&n  ~  fie*  £0/t  Act  >0 

'  O  Fd/L  Act  —  O 

Substituting  the  above  and  equations  (V8)  and  (Q-4)  into 
equation  (N14)  gives: 

(NU)'  /\CZ-  A&0.iCbI4  +Ac-(-\/czC6t8  fM.  A?4  <  O 

-  A&u  C6/4-  Vcz  Ce/e  pou  ftc4*o 

Similarly,  by  substituting  the  above  A/t) i  to  Act 
relationship  and  \/c  $  ~  A/Ut  &  1 1  into  equation  (N3) 
f\tz  is  established  as: 

(N3> '  /ics  -  Act  ~l/c3  C6/$  -/}$$<).  RJA  A^4>0 

~  -  ]/cz  Cc,  A  -  A  sat  fd/i  Act  -  o 

The  voltages  across  capacitors  C2,  C3  and  c4  are  established 
by: 


(2) 

Vc*  = 

j 

(A2) 

Viz* 

Acz 

(3) 

Vc,  = 

j  Vc  3  Air 

(A3) 

\JC3  ~ 

C&/6  Ac  3 

(4) 

Vci  - 

1  VclcH 
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(A4)  S/C4  =  Cfrf  /)c4 

All  of  the  equations  describing  the  antiskid  circuit's 
operation  have  now  been  developed;  however,  to  obtain  a 
computer  solution  of  these  equations,  they  have  to  be 
converted  to  a  suitable  form  so  that  there  are  no  "closed 
loops."  Also,  since  the  equations  for  <2nJ 

have  different  forms  depending  upon  which  circumstances 
exist,  a  procedure  must  be  established  to  define  which 
form  of  equations  (Q2) ,  (N7) "  and  (N8) '  applies  for  each 
instance.  There  are  twelve  (12)  possible  combinations  of 
circumstances  as  shewn  on  Table  A14.  The  procedure  for 
defining  which  condition  exists  will  be  to  assume  a  condi¬ 
tion  and  develop  a  set  of  equations  based  on  the  assump¬ 
tion.  Using  these  equations,  the  assumption  will  b2 
tested.  If  the  test  is  affirmative,  the  assumed  condition 
exists.  If  the  test  is  negative,  the  assumption  is 
incorrect  and  other  assumed  conditions  are  tested  until 
an  affirmative  test  result  is  obtained.  To  illustrate 
this  procedure,  the  equations  for  circuit  condition  4  will 
be  developed: 

For  circuit  condition  4  Aw  is  positive,/?^  greater  than 
C^/Cm  and  VB  greater  than  zero.  Substitute  equation  (N5) 
and  the  applicable  version  of  equation  (N7)"  into  equation 
(VX)  ' . 

(vx> '  -4  V<  -  ( f\c$3  Cum  -  A**)  Cvot  -t  £w/ 

From  equations  (N8) '  and  (Vll) 1  Ac$  is  established  as: 

(N8)  1  -  P  rfc.4  ~  -  ^4-  ~  to* 

*// 

Substitute  (VX)'-4  into  (N8)'-P  and  solve  for  Ac4 

(N8) ' -P4 

~  Acq-j  _  jifog  j-Cwz  Cvmo-C+o!  ) 

/Zu+twO  /?// $uTCvod 
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Table  A14  Modulated  Antiskid  Circuit  Conditions 


Circuit 

Condition 

Capacitor  C4 
Currant  Mode 
(See  Note  1) 

Valve  Amplifier 
Operating  Mode 
(See  Note  2) 

Pressure  Bias 
Signal  Condition 
(See  Note  3) 

1 

fic4->0 

fizQZ  -C&07 

Mb  —  0 

2 

fief?  O 

AzQZ  ~C6o7 

1 /e  >o 

3 

fic+  >  0 

A  SQL  >C(o07 

Me  -  0 

4 

/ lc4>0 

JQeqZ.  >  C  £>07 

Vb>o 

5 

ficf-0 

fl£QZ  -  C6>07 

Me  -a 

6 

fief  - 0 

Ac  at  CC&07 

Vs>c? 

7 

fic4  -  O 

Acqz.  >  C6a? 

Me  - 0 

8 

Act  -  0 

ficQ  Z  C  C&07 

Vj>o 

9 

fief  CO 

Acqz  £C607 

Ms  -0 

10 

fief  c  O 

Aeqz  fi  CS>o7 

Me>o 

11 

Ac+CO 

Aeqi  >  Cgqi 

Metro 

12 

fief  CO 

Ae&Z  C607 

Mg  >0 

Notes : 


1.  Capacitor  Cf  is  charging  for  fic4->0t  static 

for  /fc*  and  discharging  for  /?c<  <  O. 

2.  The  valve  amplifier  is  amplifying  for 

ficoz  >Ce>o7  and  is  cutoff  for  Azqz  -Cbo7. 

3.  A  pressure  bias  signal  exists  for  Mb>0 
and  does  not  exist  for  Vs^o. 


Now  substitute  equations  (N5) ,  (N7)M  and  (N8)'-P4  into 
equation  (N4) '  and  solve  for  EV 


(N4) '  -4 

£V  =  r— — *  Cw+  du£<S(>b  i-Wcuytfci) CtfOi, 

fCntCvoo  L 


-(CwfRu  rC+oi)CtA>(, 

+  C<H)7t(tn  r  C<mj)  ~J 


Substituting  equations  (N4)'-4,  (N10) 1 ,  (Vy-1) , 

and  (Q3)  into  equation  (Q-2)  and  solving  for  Abcu.  gives: 


(Q-2)  -4  /}f<Q,2.  -  fl^cz  —  iU'f  r il '+')(? </ ft  -f-  C <U' Z. 


By  substituting  equation  (Q3)  into  equation  (N8)'-P4  an 
equation  is  obtained  for  computing  AC4  using  the  value  of 
feUZ  obtained  from  equation  (Q-2) -4  above  and  making 
this  substitution  and  combining  constants,  equation 
(N8)'-P4  can  be  written  as: 

(N8)-4  /jC4  C90h  _ (yja + ^4)  Qeoi  - CS07 

lf  C(  dsaz) Cecio  -( l/cj+  Ceot  -C$07]  >  o 


The  value  of  f\£AZ  from  equation  (Q-2) -4  r.iay  also  be  used 
for  computing  VB, 

Using  equations  (Q-2)-3,  (VB)  and  (N8)-4  the  assumption 
that  AC4->0  ,  Acq3  /C4-04-  and  VB  >0  can  be  tested. 

If  the  test  is  affirmative,  then  values  for  Ac<f-,  AR.S  and 
EV  can  be  computed.  If  the  test  is  negative  another 
conditions  must  be  tested  for. 

Tables  A15  and  Al6  are  a  summary  of  test  equations 
developed  in  the  same  manner  as  above.  Since  equation 
(Q3)  establishes  a  linear  relationship  between  Acaz  and 
/?££?  and  since  Aeqt  needs  to  be  computed  as  a  step  in 
the  computation  oififa,  the  test  equations  for  /lea?  will 
be  performed  implicitly  by  computing  Aeaz  and  comparing 
its  computed  value  to  C607  where  C607  is  defined  as : 

C607  -  -  £fg£ 

(C4-o*.)£U) 

Currents  and  Ae# %,  are  computed  using  the  applicable 
test  condition  equations. 
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Table  A15  Valve  Amplifier  Operating  Mode  Test  Equations 


Circuit 
Condition, n 

Applicable  Equation  (6a-Q2-n)  (See  Note) 

1 

Pleat  =  -(*5~  I /a)  Ci-Su  -(  Vcj  i  Vc<)C4S7  +  C+S6 

2 

Peaz.  -  Vcz  C+6/  -  (Sc  -Ya)  C4S<f  -  (&2  C46o  t  C<t>Z 

3 

Pmz.  -  -(£<$ -Vci)C.44(?  -(Vc}+Vc<t)C4-4-‘7  +  C44-8 

4 

pea  t  x  Vcz  C4S0  -  (£$-Vci)C44?  -(ipj  t  IC4.)  C+ft  +  C4SZ 

5 

Hi  i~  -  ( £<S  -  Vet)  CP 3/  -h  C S’ 3 Z 

6 

flsai  -  Vcz  Cj?3  ~(£g-'/c/)C£34  -Csss 

7 

Pea  z  -  -  {£<5  -  \/ci)CSzc.  +  CS27 

8 

Peal.  =  ^cz  CszP-fes-  -l/c/)CS2?  -CS3o 

9 

Pea z  -  ■'(£$ '-Vci)Csc>5 -  l^cz  +l/c4)CS6&  +CS& 7 

10 

Peat  ~  l/cz  Cszr-  (V=S'}/a)C5Zf -it/cz+l/ci)  CS7o  -  Cs?J 

11 

p£Ql  =  ~{£<$-Vct)  Cs7£  -(tPz  tVca)  Cs76  +CS77 

12 

Peat  =  Vc2  CS73  -  i£s-‘Pct)CS79 ~iiVcztVc^)CS8o  -  Cfp/ 

Notes : 

1.  For  circuit  conditions  1,  2,  5,  6,  9  and  10  - 

if  /}£QZ  <  0 ,  set  AeQZ 

2.  For  circuit  conditions  3,  4,  1 ,  8,  11  and  12  - 

if  Psqz  >  C8e>2,  sztA£QZ=  €802 
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Table  A16  Capacitor  C4  Current  Mode  Test  Equations 


Circuit 
Condition,  n 

Applicable  Equation  (6a-N8-n) 

1  &  2 

/IC4  -  ( /?£<? 2)  C#06>  -t\JC3  +  »'C4)  C - C  SO? 

/f  L  ( Csoto  -  L  i/csrifct)  Cm  -  Coot]  >  0 

3  &  4 

fic4  -  (CIfqz\  C&03  -  ()fC3+l/C4)  C&04  -Cffor 
/F  l  (AfQz)  Cm  -  LVC3*  ^4)  C '&04  -  C&jrJ 

5  6c  6 

-O  /F  [(fleqz)  C$<&  ~(l/£3H/C4)Qi>4  ~  O 

Fa/O 

L(fcoz)c?/'  -  (]/ci+  fc^cao?  -Cd/2. 7^  0 

7  6c  8 

Act -0  /f Cm  -t\/CjF  164) Cm  - Cm$] ^0 
Z//?^)Cm-ivC£i-i/C4)cm  -Cd/oj a 0 

9  6c  10 

Ac4  -  Utenz)  Ctn  -L /ci ->\Jc4]Cm  - C8H 
ip  1 1 figu)Cfn  - 1  \Jcz  1I/C4)  Cm  -Oftz} <■  0 

11  6c  12 

/)c<4  -  {CeCiz) C&y-  hJcZi-l/C4\Cm  -C&/0 
if  [l/e$t)Csfo?  -  b/cz*  Zcq)  Cm  - CmJ  ^  ® 

256 


For  the  cases  where  A^QZ>  C607  an  upper  limit  must  be 
established  to  represent  saturation  of  the  valve  drive 
amplifier.  This  upper  limit  is  called  C802  and  applies 
to  the  applicable  circuit  conditions  noted  on  Table  A15. 


Table  A17  Summary  of  Equations  for  Computing 
Current  Ads 


Circuit 
Condition,  n 

Applicable  Equation  6a-N5-n  (See  Note) 

1  &  2 

A  os  -  As/ai  C&o(p  -  Ac* 

3  6c  4 

AOS' -  flvfil  C&oD  C<o4-  -CloS  -  Ac* 

5  6c  6 

Aos--  Ami  Ceot- 

7  6c  8 

Acs-  Aw  C(>o<eC+o4-  -Cs-os 

9  6c  10 

A  os  -  Am  i  CboL  -  A  a 

11  6c  12 

Ads  -  Avai  C<oo&  Ctos  -  Csos  -  Ac  a- 

Note:  For  all  circuit  conditions  if  AoszO^  set  Aos= O 

As  shown  on  Figure  A49  the  locked  wheel  prevention  cir¬ 
cuit  elements  also  have  an  input  to  the  valve  control 
amplifier.  In  the  equations  thus  far  it  has  been  assumed 
that  the  locked  wheel  skid  signal,  Aims  at  node  (N13) ,  is 
zero.  When  computing  the  valve  voltage,  it  is  necessary 
that  the  non-zero  value  of  /Uvv$  be  accounted  for.  If 
is  not  zero  then  equation  (Q3)  is: 

(Q3-1)  flcQi  -  C<i>o6>  +-  h pej /jut's 

Since  is  a  two  valued  variable  (i.e.  either  zero  or 

the  value  required  to  drive  the  amplifier  as  necessary  to 
achieve  full  brake  release)  insofar  as  valve 
voltage  computation  is  concerned,  it  can  be  considered  as 
a  current  which  can  be  added  to  /?£qz.  in  Equation  (Q3) . 

If  we  define  a  current  Aval  ,  valve  amplifier  input 
current,  as: 

(LW-1)  r  t  A  LUIS 

and  treat  this  current  like  Aeat l  in  equation  (Q3)  and  if 
we  substitute  equations  (Q3)  and  (N7)"  into  equation  (N5) 
an  equation  for  computing  Acs'  is  formulated  for  each  cir¬ 
cuit  condition.  Current  Aosr  is  then  used  in  equation  (N4) 
to  compute  EV.  Table  A17  lists  the  version  of  equation 
(N5)  which  is  to  be  used  for  computing  current  tips'  for 
each  circuit  condition. 

Since  the  variables  EG  and  VCl  are  always  used  in  the  form 
of  their  difference,  we  will  define  the  difference  as 
equation  (5) 

(5)  Eg-  ]/C/  -  -  Vc/) 

For  the  cases  where  the  antiskid  control  circuit  mathe¬ 
matical  model  is  used  with  the  flywheel  system  or  three 
dimensional  airplane  systeip,  the  flywheel  velocity,  VF, 
or  the  airplane  velocity,  X,  as  applicable,  will  be  used 
as  the  airplane  speed  reference  circuit  element.  The 
wheel  speed  comparison  element  will  be  described  as  follows: 

(6)  tiiWS  -  C&/7  Pot  \/f  >  C&/X  stM  C6'6 

-  o  f-u/l  6/r  o/l 
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Table  A18  Modulated  Antiskid  Circuit  Equation  Summary 
(Sheet  1  of  2) 


Equation  No.  Equation 


(6a-l) 

iti  =  j  Vo  d-t 

(6a-Al) 

Vci*  ftc\  C(o 08 

(6a-2) 

Vcir  f  Vc2 

(6a-A2) 

• 

\JC2T  ACZ  Cbo9 

(6a-3) 

Vci*f  Vc3  clir 

(6a -A3) 

V^3  ~  A:  3  C(oio 

(6a-A) 

y*v<c4  o/t 

(6a-4A) 

Vc4~  //c4  Cen 

(6a-5) 

fc-14)  -  i4/ 

(6a-6) 

Alm  ~(C6/7  For  Vf>( QZ Mo  UtL 

“( O  For  ]/f  -C&iE  m  Eg  ^-CblL 

(6a-LW-l) 

fa  hi  -  +  /}i.wx 

(6a-N3) 

/9c?={/fef  - Va  G>/9-Asw  Fcxfki>o 

"VVctCut-AeM  Fot/kt^o 

(6a-N4) 

£v  =  Ads  Owg  *• 

(6a-N5-n) 

See  Table  A17 

(6a-N8-n) 

See  Table  A16 
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Table  A18 

Modulated  Antiskid  Circuit  Equation  Summary 
(Sheet  2  of  2) 

Equation  No. 

Equation 

(6a-N10) 

fiect.2,  C&/3 

(6a-Nll) 

fici  ~  A  Vi  -A&3  ‘  .Qcq  1 

(6a-N14) 

ficz  *  CflewC04-+Ac4’i/czC(>t? 

-C  '  VCZ  C 6/0 

(6a-Q2-n) 

See  Table  A15 

(6a-Q-lC) 

fiai  1  ~  Cio0*t  -  ^6cS  Fbfi.  t  o 

"  ^  fofL  ~  fdoi.J&Qi' 

(6a-Rl0) 

floi  - 

ftd  (&-Vc,)  >  C& if /&xo 
'  O  foe  4. 

(6a-VB) 

Vs  -  VCz  Cm+  AeqzCm  -  C&6 

(6a-VQ4) 

/1j8#4  -Uc-l-VtV)  Cl2z~  C&3 

1 \&3~Vcx)  >  Ctozjctz ^ 

40 
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The  conditions  which  define  the  circuit's  mode  of  operation 
at  a  particular  instant  are:  (1)  the  current,  Acq.,  into 
capacitor  C4  is  either  positive,  negative  or  zero,  (2)  the 
valve  control  amplifier  is  operating  either  in  the  cutoff 
mode  or  in  the  amplification  mode,  and  (3)  the  modulating 
circuit  element  is  either  providing  a  pressure  bias  signal 
or  it  is  not.  The  valve  amplifier  condition  is  indicated 
by  current  being  equal  to  or  less  than  C607  in  the 

cutoff  mode  and  being  greater  than  C607  in  the  amplification 
mode.  The  pressure  bias  signal  is  indicated  as  existing 
when  voltage  l (8  is  greater  than  zero  and  as  not  existing 
when  \}$  is  equal  to  or  less  than  zero. 

Table  Alb  summarizes  the  modulated  antiskid  circuit  equations 
and  the  equation  flow  diagram  is  shown  on  Figure  A32. 

fi.  Parameter  Evaluation 

Table  A19  lists  the  parameters  defining  the  modulated 
circuit's  operation.  The  values  for  the  constants  are 
computed  from  various  circuit  element  characteristics 
(resistance,  capacitance,  etc.)  as  described  in  reference 
13  and  in  the  semiconductor  component  manufacturers  catalogs. 


AS  APPLICABLE.  V  A  EV 


Figure  A52  Modulated  Antiskid  Circuit  Equation  Flow  Diagram 


Table  A19  Modulated  Control  System  Parameters  (Sheet  1  of  4) 
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Note:  All  equation  numbers  in  Description  are  preceded  by  6a.  For  example 
EQU  VB-n  means  equations  number  6a-VB-n. 


Table  A19  Modulated  Control  System  Parameters  (Sheet  2  of  4) 
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6b.  ON-OFF  ANTISKID  CONTROL  CIRCUIT 

Most  aircraft  on-off  type  antiskid  systems  operate  accord¬ 
ing  to  the  functional  block  diagram  shown  on  Figure  A53 
The  various  functional  elements  may  be  electrical ,  mechani¬ 
cal  or  a  combination  of  electrical  and  mechanical  devices. 
If  during  braking  the  brake  torque  applied  to  the  wheel 
exceeds  the  amount  which  can  be  reacted  by  friction  at  the 
tire-ground  interface,  the  antiskid  system  operates  to  pre¬ 
vent  tire  skids  as  follows.  A  wheel  speed  signal  is  pro¬ 
vided  to  a  deceleration  detection  element  where  the  wheel's 
deceleration  rate  is  computed  and  compared  to  a  threshold 
value  which  is  provided  by  a  skid  detection  threshold  ele¬ 
ment.  The  deceleration  detector  produces  a  skid  signal 
whenever  the  wheel's  deceleration  rate  exceeds  the  thres¬ 
hold  value.  The  wheel  speed  signal  is  also  supplied  to  a 
wheel  speed  reference  element  and  a  wheel  speed  comparison 
element.  The  wheel  speed  reference  element  is  a  "memory" 
device  which  produces  a  "comparison  index."  The  "compari¬ 
son  index"  is  the  wheel's  initial  unbraked  speed  minus  an 
adjustment  to  account  for  the  aircraft's  deceleration.  The 
wheel  speed  comparison  element  compares  wheel  speed  to  the 
"comparison  index"  and  produces  a  skid  signal  whenever  the 
wheel  speed  is  less  than  the  "comparison  index."  The 
deceleration  detection  element  initiates  a  skid  signal  and 
the  wheel  speed  comparison  element  maintains  the  skid 
signal  until  the  wheel  has  regained  most  of  its  initial 
speed.  The  skid  signals  from  both  the  deceleration  detec¬ 
tion  element  and  the  wheel  speed  comparison  element  are 
transmitted  to  a  valve  control  element  which  acts  to  con¬ 
trol  the  antiskid  valve  such  that  the  brake  is  released 
when  a  skid  signal  exists  and  the  brake  is  applied  when  a 
skid  signal  does  not  exist. 

An  electrical  system  of  the  form  shown  on  Figure  A54 
or  a  mechanical  device  as  shown  on  Figure  A56  are  the  most 
common  means  used  for  implementing  the  on-off  antiskid 
system  function. 

Electrical  On-Off  Antiskid  System 

Figure  A54  is  a  schematic  diagram  of  the  Goodyear  elec¬ 
trical  on-off  antiskid  control  circuit  as  used  on  the  Lock¬ 
heed  F104  and  General  Dynamics  B-58  aircraft.  This  circuit 
accomplishes  on-off  antiskid  control  according  to  the  pre¬ 
ceding  functional  description  as  follows:  The  wheel  speed 
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Figure  A53  On-Off  Antiskid  Control  Functional  Block  Diagram 


(A)  Schematic  Diagram 


(B)  Mathematical  Identification  Showing  Transistors 
and  Diodes  in  Terms  of  their  Equivalent  Circuits 

Figure  Aj4  Electrical  On-Off  Antiskid  Control  Circuit 
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indication  element,  a  wheel  driven  D.  C.  tachometer 
generator  (GEN),  supplies  an  input  voltage  EG  which  is 
proportional  to  wheel  speed.  EG  charges  capacitor  Cl 
through  R5,  Diode  D1  and  Resistance  RG  during  wheel  spin- 
up.  Capacitor  Cl  is  both  the  deceleration  detector  and 
the  wheel  speed  reference  element.  For  normal  wheel  decel¬ 
eration  rates,  with  no  incipient  skidding,  the  generator 
voltage  decreases  relatively  slowly  and  a  small  current 
will  flow  from  the  positive  side  of  Cl  through  R5  and 
through  D2  and  Rl,  (GEN)  and  RG  to  the  negative  side  of 
Cl.  This  current  discharges  Cl  and  causes  its  voltage  to 
closely  follow  EG.  The  amplifier  comprised  of  R2,  Ql,  R3, 
r4  and  Q2  acts  as  the  skid  detection  deceleration  threshold 
element,  the  wheel  speed  comparison  element,  and,  in  con¬ 
junction  with  relay  Kl,  the  valve  control  element.  When 
an  incipient  skid  occurs,  the  generator  voltage  decreases 
rapidly.  R5  and  Rl  limit  the  discharge  current  flow  into 
Cl  so  that  the  voltage  at  the  positive  side  of  Cl  increases. 
The  value  of  the  voltage  at  the  positive  side  of  Cl  is  pro¬ 
portional  to  wheel  deceleration  rate.  The  amplifier  charac¬ 
teristics  are  set  so  that  when  the  voltage  at  the  positive 
side  of  Cl  is  a  value  Vsot  or  greater,  enough  current  flows 
into  the  base  of  Ql  to  cause  Q2  to  conduct  sufficiently 
for  relay  Kl  to  actuate.  When  relay  Kl  actuates  the  supply 
voltage  is  applied  to  the  antiskid  valve  coil  LV.  The 
voltage  across  the  antiskid  valve  coil,  EV,  is  equal  to  the 
supply  voltage.  Actuation  of  relay  Kl  also  causes  Rl  to 
be  disconnected  from  ground  so  that  the  resistance  in  the 
discharge  path  of  Cl  is  increased  to  aid  its  action  as  a 
wheel  speed  reference.  Voltage  Vsdt  is  the  skid  detection 
threshold.  More  modem  versions  of  this  circuit  utilize 
transistors  to  perform  the  function  of  relay  Kl;  however, 
their  operation  is  the  same.  Resistor  R5  is  the  speed 
reference  adjustment  element. 


270 


A-l  Electrical  On-Off  Mathematical  Description 

The  mathematical  description  cf  the  electrical  circuit's 
operation  is  developed  from  Figure  A54(b)  which  is  the 
schematic  from  Figure  A54(a)  with  the  transistors  and 
diodes  shown  in  terms  of  their  equivalent  circuits  and 
the  appropriate  currents  and  volta  jes  identified. 


The  voltage  across  capacitor  Cl  is  defined  by: 

(6b-l-l)  Vc»  '  Jvct  dt 

where  (6b-l-Al)  Vo  =  fc\Cno5  (  C?os*  '/Ci) 

Current  AC1  is  established  bv  summing  currents  at  node 
(n!)  as: 

(6b-l-Nl)  Ac,  =  Aox  ♦  Am  -  JRoz 

Using  Ohm's  law  and  summing  voltages  around  the  loop  of 
which  FD1  is  a  part,  current  ADI  is  established  as: 


(6b-l-Rl) 


/? 01=  Eq  -  Vet ~£  oi  J Ro\  FOR  (£$-&/-£<;,)  >0 

~  &  EOR.  (£c;  -VCi-£o^  O 


To  combine  constants,  write  equation  (6b-l-Rl)  as: 

Ao\-  (£<5  -Vci)  C-?o6>  -  *?  FoR  (£<z-l/o)  >J~~' 

-O  For  (Eg-  Vc,)^ 

Noting  that  because  of  diode  Dl,  ft  oi  is  restricted  to 
positive  values  only. 

In  a  similar  manner,  using  Ohm's  law  and  summing  voltages 
around  the  loop  containing  R4,  current  Rm-  is  established 
as: 

(6b-l-V2) 

-Vcd or  -(£e~^cf) Clop 
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Summing  currents  at  node  N2  and  noting  that  because  of 
diode  D2,  current  AD2  cannot  be  negative  gives: 

( fob-i-Nz)  Adz  -  A041  +  Ar\  LAe<u  +#**)  -o 

'  O  FOA  CA&<5li 


By  Ohm’s  law  the  voltage  across  RD2  is 
(6b-l-V3)  \Joz-  f\oz  R.VZ. 


For  the  case  where  no  skid  signal  exists  and  relay  K1  is 
not  actuated,  R1  is  connected  to  ground  and  a  current 
AR1  may  flow.  Using  Ohm's  law  and  by  summing  voltages 
around  the  loop  Rl,  D2,  Cl  and  (GEN),  /?«»  is  established 
as  : 

(6b-l-v4)  AfH*Va-Eq’  to 2  “  ^OZ ^ R.\ 


Since  the  variables  EG  and  VC1  are  always  used  in  the 
form  of  their  difference,  define  the  difference  as: 

(6b-l-3)  (es-i/c,1)  = 


By  substituting  (6b-l-V3)  and  (6b-l-N2)  into  (6b-l-V4), 

(6v-l-v4)  ’  =  (&/-■£$  -£**)  _  Asa\  £oz  _ 

£d2  +  R\  R.0t  - 

By  summing  currents  at  node  (^),  current  AEQ1  is 
(6b-l-N3)  fh=Gi\=  f\d<s.z  *•  fls-3 

By  summing  voltages  around  the  loop  containing  R3  and  the 
base  and  emitter  of  Q2, 


(6b-l-V5) 


O  -  Vkz  -  V04Z  -  Vfsz 


Note:  For  Q2  the  base-emitted  junction 

potential  has  been  omitted  to  reduce 
mathematical  complexity.  This  is  jus¬ 
tified  because  whether  or  not  Q2  is 
conducting  has  negligible  effect  on 
current  /?ci. 


By  substituting  (6b-l-N3)  along  with  the  Ohm's  law 
expressions  fisaz  =  am  ~  Zzqz/ Keciz, 

and  the  transistor  characteristic  A&&  =  (hr*/.  <■/)  flezz. 
into  (6b-l-V5)  and  solving  for  Abql  , 


(6b-l-V5)  ' 


/?S<32.  r 


fees.,  fa _ 

yC&ZZ  t  £3  +-  teazz  (htez  +/) 


By  substituting  (6b-l-V5)  1  and  (6b-l-N3)  into  the  Ohm'? 
law  expression  V/i3  ■=  Am  %3 


(6b-l-2)  fe  =  fa  f  /  - 


L 


^6QX  +■  %e&2.  ihFcirm 


By  summing  voltages  around  the  loop  R3,  REQ1,  EQ1,  RBQ1, 
R2,  RD2,  Cl  and  (GEN) 

(6b-l-V6)  O-  VK3  +  Vfqi  +£<%!  +  Z041  + 1 //u  *■  £pz  +^0?-  -  +  £3<$ 


By  substituting  (6b-l-2)  and  (6b-l-V4)  along  with  the 
Ohm's  law  expressions  V^ai  -  Rgqi  \k(ii  =  fact)  and 
Z#2  r  /}g^  and  the  transistor  characteristic 

/j£s>\  =  (hf£iri)ds<ii  into  (6b-l-v6)  and  solving  for  Aeo,\ : 


(6b-l-v6)' 


-  L  1 /c/-t<s)  Cvo/  - 

-  O 


/=<>*.  CVzf-Ee, )>C~2i 

J  <-70/ 


For  the  case  where  relay  K1  is  actuated  and  Rl  is  dis¬ 
connected  from  ground  the  same  substitution  is  made  except 
that  Vpz  -  tfso.  1  Rot.  is  used  in  place  of  equation  (6b-l-v4y. 
For  the  actual  circuit  components  used  on  the  aircraft, 
the  resulting  equation  has  coefficients  that  are  negli¬ 
gibly  different  from  (6b-l-v6)  therefore,  equation 
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(6b-l-v6)  '  will  be  used  for  both  cases. 

The  value  of  fleo, i  which  causes  relay  K1  to  be  actuated 
is  defined  as,  C700,  the  skid  detection  threshold  current. 
From  this  definition  and  equation  (6b-l-V4) 1 

(6b-l-V4-l)  ^  ,  M.-EJCjo,  -  <TV« -/leu,  C-f/j 

ft>t  /?&a\  C?oo 
=  O  fa/T  /)6Q!  C  7oo 

When  relay  K1  is  not  actuated  EV  *  0,  when  relay  K1  is 
actuated  EV  “VS;  therefore, 

(6b-l-EV)  Jzv  ~  O  Foa  f}8Q\^C7oa 

r  Vs  V?J<2l  >.  C  7oo 

The  equation  flow  diagram  for  the  electrical  on-off  con¬ 
trol  circuit  is  shown  on  Figure  A55* 


B-l  Electrical  On-Off  Parameter  Evaluation 

Table  A20  lists  the  parameters  and  their  values  as 
applicable  for  the  General  Dynamics  B-58  control  circuit. 
(The  same  circuit  is  used  on  the  Lockheed  F~104.) 
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Table  A20  On-Off  Control  System  Parameters 
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Mechanical  On-Off  Antiskid  Device 


Figure  A56  is  a  schematic  drawing  showing  the  operating 
principles  of  a  conanonly  used  mechanical  on-off  antiskid 
device  of  which  the  Hydroaire  Hytrol  Mk  I  and  Dunlop 
Maxaret  units  are  typical  examples.  The  device  operates  as 
follows.  The  rotor  (the  wheel  speed  indication  element)  is 
connected  to  the  aircraft  wheel  by  some  positive  means  such 
as  a  direct  connection  or  gear  train,  etc.,  so  that  the 
rotor's  angular  velocity  is  a  constant  ratio  of  aircraft 
wheel  speed.  During  s pinup  the  motion  of  the  rotor  is 
transmitted  through  the  clutch  to  the  drum.  The  clutch  is 
configured  such  that  it  is  self-energizing  for  rotation  in 
the  direction  of  wheel  rotation  associated  with  forward  air¬ 
plane  motion,  shown  here  as  counterclockwise.  Stop  (DS1) 
on  the  drum  engages  stop  (FS1)  on  the  flywheel,  thereby 
transmitting  torque  to  cau.3  the  velocity  of  the  flywheel 
to  be  the  same  as  the  drum.  The  flywheel  and  the  drum  are 
connected  by  spring  (CA)and  damper  (DA).  As  the  aircraft 
wheel  and  rotor  decelerate,  a  clockwise  torque  is  trans¬ 
mitted  through  the  clutch  to  the  drum  and  from  the  drum 
through  spring  (CA)  and  damper  (DA)  to  the  flywheel.  The 
amount  of  this  torque  is  proportional  to  the  product  of  the 
rotor's  deceleration  rate  and  the  flywheel's  inertia.  The 
torque  compresses  spring  (CA)  so  that  the  flywheel  moves 
counterclockwise  with  respect  to  the  drum.  For  steady 
airplane  wheel  deceleration  the  amount  of  relative  motion 
between  the  flywheel  and  drvm  is  proportional  to  the  decel¬ 
eration  rate.  A  suitable  m<  ihanism  (usually  a  set  of  elec¬ 
trical  contact  points  or  a  •  am  device)  connected  between 
the  flywheel  and  drum  causes  a  valve  to  be  actuated  so  that 
brake  pressure  is  relieved  whenever  a  pre-established  amount 
of  relative  motion  occurs.  The  clutch  is  also  configured 
so  that  when  the  torque  from  the  rotor  to  the  drum  is 
clockwise,  the  torque  capacity  is  limited  to  some  slightly 
greater  amount  than  that  required  to  initiate  brake  release. 
If  the  rotor  experiences  greater  deceleration  than  that 
required  to  initiate  brake  release,  the  clutch  slips  and 
allows  the  drum  and  flywheel  to  overrun  the  rotor.  The 
flywheel's  inertia  reacted  by  the  drag  of  the  clutch  main¬ 
tains  a  torque  on  spring  (CA)  so  that  the  relative  motion 
between  the  drum  and  flywheel  (skid  signal)  is  sustained 
until  the  flywheel's  kinetic  energy  is  dissipated  or 
until  the  rotor  has  regained  sufficient  speed  to  eliminate 
clutch  slippage.  For  this  device  the  flywheel's  inertia 
causing  displacement  of  spring  (CA)  and  damper  (DA)  is  the 
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deceleration  detector  element,  the  clutch's  overrunning 
drag  torque  on  the  drum  is  the  reference  adjustment 
element,  the  clutch  is  the  wheel  speed  comparison  ele¬ 
ment  and  the  rotational  kinetic  energy  cf  the  flywheel  is 
the  wheel  speed  reference  element. 

A-2  Mechanical  On-Off  Mathematical  Description 

The  mathematical  description  of  the  mechanical  on-off  anti¬ 
skid  device  is  developed  by  referring  to  figure  A56(B)  which 
defines  the  applicable  parameters  and  shows  flywheel  stop 
(FS1)  represented  by  a  spring-damper  system*  Also,  a 
spring-damper  system  is  added  between  the  rotor  and  clutch 
carrier  to  represent  the  small  motion  which  actually  occurs 
during  clutch  operation. 

At  flywheel  stop  (FS1)  there  is  a  torque,  TS,  which  is 
exerted  on  the  flywheel  by  the  drum,  if  drum  stop  (DS1) 
is  in  contact  with  FS1.  If  the  mass  of  FS1  is  considered 
small  in  comparison  to  the  stop  spring  (CS)  and  stop  dam¬ 
per  (DS)  then,  setting  the  sum  of  torques  on  FS1  at  zero: 

(6b-2-l)  Ts  =  Cs  -Os  Y 


Where  Cs(Ya-Y)  is  the  stop  spring  torque,  (-DsY)  is  the 
stop  damper  torque  and  Co  is  the  free  length  of  spring  CS. 


Since  TS  results  from  a  contact  force,  it  cannot  be  less 
than  zero;  therefore,  if  t  +  is  less  than  &fs 

then  TS  ■  0.  Rewriting  equation  (1)  solving  for  Y  gives: 

(6b-2-2)  Cs  CYc-y)-Ts/ Os 

Y  is  then  established  by: 

(6b-2-3)  Y*  (y  cti 


Y  as  computed  from  (6b-2-2)  and  (6b-2-3)  is  compared  to 
&Fs~(e o-8f=)  to  establish  IS.  If  TS  is  other  than  zero,  it  is 
computed  from  (6b-2-l)  using  Y  -  &fs -(&o~Gf)  fine  y~  -C&o-&f=). 
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Substituting  the  above  expressions  for  Y  and  Y  into 
(6b- 2-1)  gives: 

(6b-2-l-l)  TS  -  Cs[Z.-&FS  +  (eP-&rj]  f0s  (6o-&P) 

fo*.  I  J  >o 

~  O  Fofi.  T.y V  ~&fsJ  o 

Summing  torques  on  the  flywheel  gives : 

(6b-2-4)  ©F  -  [  TS  +  C*  {&0  -fiv)  *  V*C6o  /Wew 


Sunning  torques  on  the  drum  gives: 

(6b-2-5)  Q0  -  [j-Ts  -  Cfi(&o  -&f)  -  Dp  (So -Of)  J  Wo 

Where  Tc  is  the  clutch  torque. 

Subtracting  (6b-2-4)  from  (6b-2-5)  results  in: 

(6b-2-6)  (S0-Bf)=  (pfe  -Gr(&o-&^-D/r(&o-&Fjl 

+  7c/ Wo 

By  integrating  (6b-2-6)  twice,  (Oo-Of) 
and  {&0-ef)  are  established  as 

(6b-2-7)  l&o'&e)  -  J" (So- Or)  cftr 

(6b-2-8)  (Qo-&f)  ■=  J r (Oo-o/cl-t 

Substituting  values  for  (&a-&P\  and  computed  from 

(6b-2-7)  and  (6b-2-8)  into  equation  (6b-2-4)  and  integrating 
once  establishes  Qp  as  follows: 

(6b-2-9)  9c  --fefjt 

Combining  the  results  from  (6b-2-7)  and  (6b-2-9)  establishes 
Sd  as : 

(6b-2-10)  ©o=  (&o-Qf)+&p 
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The  clutch  will  now  be  examined. 

The  torque  exerted  on  the  clutch  carrier  by  the  rotor, Tc  , 
is  defined  by: 

(6b-2-ll)  Tc  *  Cc  (  ©-*-<9c)  +  Dc  (,Sk.-Oc) 


If,  as  for  the  flywheel  stop,  it  is  assumed  that  the  clutch 
carrier  inertia  is  negligibly  small,  the  torque  between  the 
clutch  and  the  drum  equals  the  torque  between  the  rotor 
and  the  clutch  carrier.  In  this  case  equation  (6b-2-ll)  may 
be  solved  for  (©*-€&:)  and  by  integrating  once  (©-*-©c)  is 
obtained : 

(6b-2-i2)  (e 

Where  (&z-@c)  is  obtained  from  the  following  version  of 
(6b-2-ll) 

(6b-2-ll-l)  (e*-©=)  -  [Tc  'Cc  (gte-gfe)] /  dc. 

It  follows  that: 

(6b-2-13)  ©c  -  -  (  Sn  -  &c) 

If  the  clutch  is  configured  so  that  there  is  no  slipping 
for  counterclockwise  torque  on  the  drum,  Oc  must  equal  ©d 
and  any  difference  between  ©*  and  ©*o  must  be  relative 
velocity  between  the  clutch  carrier  and  the  rotor  (i.e. 
On-Qc)»  If  ©o  is  substituted  for  fee  in  equation  (6b-2-ll) 
then  the  resulting  equation  can  be  used  to  compute  the 
torque  required  to  force  ©c  to  be  equal  to  ©d  .  There¬ 
fore,  making  this  substitution, 

(6b-2-ll-2)  7c  =  Cc  +  Dc  (e*-e0) 


Equation  (6b -2-11- 2)  adequately  describes  the  component 
of  clutch  torque  due  to  relative  velocity;  however,  the 
component  due  to  relative  displacement  is  not  satisfactor¬ 
ily  described  because  the  torque  direction  is  independent 
of  relative  position.  To  compute  the  clutch  torque  for 
all  conditions,  equation  (6b-2-ll-2)  will  be  modified  and 


a  procedure  for  establishing  the  clutch  condition  will  be 
defined.  The  clutch  condition  is  established  by  the  tor¬ 
que  direction.  The  torque  direction  is  determined  by  exam¬ 
ining  the  direction  the  drum  is  attempting  to  move  relative 
to  the  clutch.  The  direction  of  the  U_*um's  attempted  move¬ 
ment  relative  to  the  clutch  is  established  by  comparing  the 
drum  velocity,  ©'D  ,  to  the  velocity,  ©ch  ,  of  a  hypothetical 
or  "index"  clutch.  The  "index"  clutch  will  be  permitted  to 
have  slight  slippage  on  the  drum  for  counterclockwise 
torque  so  that  there  is  a  preceivable  circumstance  to 
indicate  torque  direction.  To  describe  the  "index"  clutch 
motion  relative  to  the  rotor,  equation  (6b-2-ll-l)  is 
modified  by  substituting  ©cn  and  ©ch  for  Qc  and  ©%  as 
follows : 

(6b-2-ll-lM)  (&*.-  Oca)  =  [  Tc  -  Cc  (&«  -®c*)7  / Dc 

The  clutch  torque, Tc  ,  is  defined  by  equation  (6b-2-ll~3). 
(&a-&cn)  is  obtained  from  equation  (6b-2-12)  and  Och  is 
then  established  from  equation  (6b-2-13),  noting  that  in 
each  case  Och  and  Q’ch  are  used  in  place  of  ©<=  and  ©o  . 

The  clutch  condition  is  established  by  the  difference 
between  Oc»  and  ©  *0  as  follows : 

For  (&cu-&o)  >0  Clutch  torque  is  positive  on  the 

drum  (clutch  attempting  to  have 
positive  velocity  with  respect 
to  drum) 

For  (Sen-Go )  -O  Clutch  is  not  attempting  to 

move  relative  to  drum 

For  (Och  -Bo)  Clutch  torque  is  negative  on 

the  drum.  (Drum  is  attempting 
to  have  positive  velocity  with 
respect  to  clutch) . 

Now  that  the  clutch  condition  is  defined,  equation  (6b-2-ll- 
2)  is  modified  so  that  the  torque  direction  is  established 
by  the  direction  of  relative  velocity  between  the  drum  and 
the  clutch  as  follows: 
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(6b-2-ll-3)  Tc  -  Gc  ^  ~&c>y  | Ci  ( ©ch)|  *  Oc  (Os.  "©o) 

|  6c  <Qb»  -e9>j  Cc  ( ©ft - ©cM)|  + 0C (.&r~So)  |  >  C  750 

=  C.  75o 

/*cjGc <©o+  Sq/Jcc  6% +  Oc  (.&#  ■  9o)  J  —  C VS'O 


The  function  <5c<©c*-©b>  is  defined  as  follows: 


(6b-2-14)  6c<®ck-9o> 


*1.0  For  l&c h-&b)  >  © 

O  F0<  (©CH  _©o)  ~0 

r  -/.e?  L&ch-&d)  <  o 


The  constant  C750  is  the  value  of  clutch  drag  torque  when 
the  drum  is  overrunning  the  clutch. 

The  amount  of  relative  motion  between  the  flywheel  and  drum 
is  the  skid  signal.  To  be  compatible  with  the 
electrical  antiskid  control  circuits,  assume  the  skid 
signal  is  produced  by  a  set  of  electrical  contact  points; 
therefore, 

(6b-2-15)  F*  =  ]/s  Fa*  *  C  751 

-  O  roR  (©■„ -&f)  ^  CVS! 

C751  is  the  skid  detection  threshold  value  of  (&o-@f) 
Also,  for  compatibility  with  the  other  parts  of  the 
analysis,  let  the  input  be  derived  from  the  wheel  speed 
sensor  output,  EG,  as  follows; 

(6b-2-16)  <9r  =  C75z  Eq 


C752  is  the  conversion  coefficient.  The  equation  flow 
diagram  for  the  mechanical  on-off  antiskid  device  is 
shown  on  Figure  A56a. 

B-2  Mechanical  On-Off  Parameter  Evaluation 

No  parameter  evaluation  has  been  accomplished  for  the 
mechanical  on-off  device  because  it  is  not  applicable  to 
the  aircraft  being  considered. 
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Figure  A56a  Mechanical  On-Off  Device  Equation  Flow  Diagram 


7.  ANTISKID  CONTROL  VALVE 


Aircraft  antiskid  control  systems  typically  utilize  a  two- 
stage  electrically  operated  pressure  control  valve.  The 
first  stage  contains  an  electro-mechanical  device  such  as 
a  torque  motor,  lolenoid  or  linear  force  motor  which  posi¬ 
tions  a  hydraulic  flow  regulating  element  (flapper,  nozzle 
or  spool)  such  that  a  control  pressure  is  produced.  The 
control  pressure  is  a  function  of  the  valve  input  pressure 
and  the  electrical  input  signal.  The  first  stage  control 
pressure  is  applied  to  the  second  stage  hydraulic  flow 
controlling  power  spool.  The  second  stage  spool  is  posi¬ 
tioned  by  forces  produced  by  the  control  pressure  and  valve 
output  pressure  in  a  manner  such  that  output  pressure  is 
controlled  in  proportion  to  the  first  stage  control  pressure. 

A.  Mathematical  Description 

First  Stage 

The  function  of  the  first  stage  can  be  described  mathe¬ 
matically  by  considering  the  control  pressure  producing 
element  to  be  a  r ingle  degree  of  freedom  damped  spring 
mass  system  as  shown  in  Figure  A57  acted  upon  by  a  force, 

Fcv  ,  proportional  to  the  electrical  input  signal. 

f~cv  *  Csc\/ 


Figure  A 57  First  Stage  Spring  Mass  System 
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The  first  stage  control  pressure,  Psc  ,  is  defined  as  a 
function  of  the  mass  position,  Xsc  ,  according  to  Figure  A58 
Xsc  Is  established  by  equation  (7.2)  which  results  from 
summing  forces  on  the  first  stage  mass,  I A/sc. 


Second  Stage 

The  physical  arrangement  of  the  F-llL  antiskid  valve  second 
stage  is  shown  schematically  in  Figure  A59.  Most  other 
antiskid  valves  have  the  same  operating  principles. 
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Figure  A  59  Antiskid  Valve  Second  Stage 

As  described  in  the  hydraulic  system,  the  metering  valve 
output  pressure ,  ,  is  supplied  to  the  antiskid  control 

valve  second  stage  inlet.  When  the  second  stage  spool  is 
displaced  in  a  positive  direction  a  fluid  passage  opens 
permitting  hydraulic  flow  from  the  metering  valve  to  the 
antiskid  valve  outlet  cavity.  When  the  second  stage  spool 
is  displaced  in  a  negative  direction  a  fluid  passage  opens 
permitting  hydraulic  flow  from  the  outlet  cavity  to  return. 
Therefore,  the  second  stage  spool  position  defines  the 
hydraulic  flow  areas.  To  permit  computation  flexibility 
and  economy,  two  options  for  establishing  the  second  stage 
spool  position  are  provided. 
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Option  No.  1 


For  Option  No.  1  the  second  stage  spool  position,  Xcv  ,  is 
established  by  equation  (7.5)  which  results  from  summing 
forces  on  the  spool  mass,  Wcv  .  Figure  A60  shows  a  schematic 
of  &  single  degree  of  freedom  damped  spring  mass  system 
representing  the  antiskid  valve  second  stage  spool.  Springs, 


Ccv$  ,  and  dampers,  Oc.\/s  ,  are  stops  representing  the 
spool's  longitudinal  restraing  caused  by  its  contact  with 
the  valve  body.  The  forces  acting  on  the  second  stage  spool 
are  the  positioning  spring  force,  damping  force,  stop  forces 
and  forces  due  to  outlet  cavity  pressure,/?:/,  and  first 
stage  control  pressure,  Psc  « 


Figure  A60  Second  Stage  Spool  Forces 
Summing  forces  on  the  second  stage  spool  gives: 

(7.5)  Xc/  ”  £( Psc)lAcwxl  ~ ( Pc/)(/W/?)]  j  Wc/ 

+  l XcvP  ~Xcv) Cc//Mc/ -  Xcs(Dcv)/  Wci/ 
+  Fsx  j  Wc/  -  Fsa  /  Wa/ 

Integrating  twice  gives: 

(7-6)  kcv'jxcdt 
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"•'>  fe./x«d t 

In  equation  (7.5)  the  forces  Fsa  and  Fs/Z  are  the  forces 
between  the  spool  and  the  stops.  Since  the  stop  forces  are 
contact  forces,  they  cannot  be  less  than  zero.  Forces  f~SA 
and  FsA  are  defined  as  follows: 

(7.8)  F5A  -  O  to#  Xcv  -  Xsn 

V  • 

Fsa  =  Cevs  (Xsa  -  Ssa)  +  Xc/ dc\ss  f  R>*  Xc^>Xsa 

(7.9)  Fsa  *0  j  /-Z?# CXcv'S’cri.')* Xr< 

Fsa  -  Ctvs(Ss#  -Xs5)  ~Xev  \)cvs  Foft.LXc*-Sc*5)^Xs/i 

In  equation  (7.9) ,  ^Sevz.  ,  is  the  spool  length  and  is 
the  undflected  position  of  stop,  S#  .  The  positions  of  the 
spool  stops,  Xsa  and  Xstf  ,  ate  established  as  follows: 

Let  the  mass  of  the  stop  in  the  brake  application  direction 
of  spool  movement,  Sa  ,  be  zero.  Therefore,  summing  forces 
on  Sa  and  solving  for  as  a  gives: 

(?*10)  Asa  ■*  [  Fsa  -(Asa  -5s a)  Ca/sJ  J Dc\/s 

In  equations  (7.8)  and  (7.10) ,  SsA  is  the  undeflected 
position  of  stop, 5/?.  It  follows  that: 

(7ai)  Aw-  jks*dt 

Using  the  same  procedure  as  above  for  the  stop  in  the  brake 
release  direction  of  spool  movement,^  ; 

(7a2)  i(sk -  IcwCSsa  -Aw)  - r«] JOzvs 

And  it  follows  that: 

(7*13)  Xw-fxs/zjF 
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The  hydraulic  system  contains  provision  for  leakage  flow 
associated  with  first  stage  pressure  regulation  and  spool 
fit.  Since  these  small  flows  have  no  effect  on  the  valve's 
performance  in  the  case  under  consideration,  they  have  not 
been  computed.  Therefore,  the  following  equations  apply: 

(7-14>  <&//  *0 


<7.i5)  dcJZ-0 


Qcv?  -  Q 


Figure  A61  shows  the  Option  No.  1  Control  Valve  Equation 
Flow  Diagram. 


it ion  No.  2 


Since  the  time  interval  which  elapses  during  second  stage 
spool  movement  from  one  extreme  position  to  the  other  is 
very  short  in  comparison  with  overall  control  valve  res¬ 
ponse  time  and  since  all  of  the  control  valve  lag  can  be 
accounted  for  in  the  first  stage,  the  second  stage  spool 
position,  XlV  ,  can  be  established  as  a  function  of  the 
direction  of  pressure  differential  thusly: 

(7.17)  XcV  ~  O  L  Pcv'-Pcv's)  =  Psc. 

Xcc/  -  +5c/o'  t PcV  ^  Psc 

KcV'  -Sc/o  FoA  (  PcS-Pcrt)  ^  Psc 


In  equation  (7.17)  £c\/o  is  the  second  stage  spool  position 
for  full  flow  area  as  described  in  the  hydraulic  system  and 
Po/8  Is  the  second  stage  apparent  bias  pressure  equivalent 
to  the  positioning  spring  force. 

Figure  A62  is  the  Equation  Flow  Diagram  for  Option  No.  2. 
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QCVI 


Figure  A61  Antiskid  Control  Valve  Equation  Flew  Diagram  (Option  No.  1) 


Nrtd  A  B 


Antiskid  Control  Valve  Equation  Flow  Diagram  (Option 


B.  Parameter  Evaluation 

The  parameters  used  for  describing  the  antiskid  valve's 
first  stage  behavior  are  established  from  measured  fre¬ 
quency  response  performance  characteristics  along  with  some 
features  of  its  physical  construction.  Frequency  response 
test  results  from  the  F-lll  antiskid  valve  show  25  degrees 
phase  lag  at  5  cps.  From  various  experiments  it  is  known 
that  the  first  stage  accounts  for  most  of  the  phase  lag. 

The  F-lll  valve's  approximate  700  cps  undamped  natural 
frequency  is  quite  high  compared  to  a  more  usual  100  cps 
value.  Since  antiskid  operauion  is  generally  10  cps  or 
less  and  since  the  low  frequency  phase  lag  C£;r  be  accu¬ 
rately  described  with  a  lower  natural  frequency  system,  an 
undamped  natural  frequency  of  100  cps  will  be  used  to  mini¬ 
mize  computation  difficulty. 

Coefficients  (Tscv  and  Csc  are  set  arbitrarily  so  that  :■  tatic 
v /slues  of  X$c  will  be  compatible  with  values  of  Xscn.  and 
Xs ca  (which  are  also  arbitrarily  chosen)  and  the  proper 
valve  voltage  -  output  pressure  relationship  is  achieved. 

In  this  example  the  following  values  are  assigned: 

C  .sc  ^  *■  /.  2  /6f  //o/t 
C.  sc.  -  /,  O  t  b(-/ / n c  to¬ 
il .  14)  Xrc/» ?  =  3.lo  /Atc/tej 

X $c/i  ~  C4-.4-  /v<w 

For  100  cps  (62P  /sec  )  undamped  natural  frequency  and 
Csc  *  1.6  lbt//A/  >  the  mass  Wjc.  is  computed  from  CuJa)^- Cjc/ Ws 

(7.15)  Wsc  -  2- ft  U O' b /if- 

Using  the  equations  relating  natural  frequency  and  phase 
angle  listed  in  the  wheel  speed  sensor  parameter  evaluation 
and  assuming  the  first  stage  has  20  degress  phase  lag  at 
5  cps,  the  damping  factor  is  established  as  ^3  .  For 

the  values  of  Wsc  and  Csc.  above  this  damping  factor 
results  in : 


(7.16) 


DsC  -  //•  6  ilQ  *  Iblr  see //a/c#- 


The  area,/4oy>,  the  stop  clearances,  S<.*+  and  5c*k  ,  and  the 
mass  of  the  second  stage  spool,  We* ,  are  computed  from  the 
spool's  physical  dimensions  as  shown  on  the  valve  drawing. 

flctP  —  0, //*  4 
Wcv  -  j-I.S'X llof-  secz//P 

(7.17)  Sevfi  -  o.o 3  *'/t# 

Sa*A  ~  o.o?  /a/cm 

The  positioning  spring  rate,^<?^,  and  spool  damping  coeffi¬ 
cient  were  established  based  on  the  valve's  transient 
response  characteristic  where  it  was  observed  that  a  50  cps 
about  .5  critically  damped  transient  pressure  oscillation 
appeared.  From  this  observation 

Cc  v  —  O  /&f / /W 

(7.18)  Da/  ~  /S.O  MO"3  /bf-sec/,S 

The  stop  spring,  Ccvs  ,  and  damper,  Oc/i  ,  characteristics 
are  arbitrarily  chosen  to  be  as  high  as  possible  within 
computation  capability. 

Cc\/S  ■*  SOOO  ikf//  r/ 

(7.19)  Ocvs  *  5o  /Af-see/sw 


The  undeflected  positioning  spring  length  was  computed 
assuming  it  produced  approximately  the  same  force  on  the 
valve  spool  as  25  PSI  pressure  differential. 

(1.20)  XcVP  ~  O.Z  /a/cM 

Table  A21  lists  the  parameters  and  their  values  which  are 
applicable  to  the  F-lll  antiskid  control  valve.  For 
Option  1  mathematical  description  and  Table  A22  lists  the 
parameters  which  are  applicable  to  Option  2. 
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*See  Hydraulic  System 


! 

8.  HORIZONTAL  TAIL  CONTROL 


In  the  3  degree  and  6  degree  airplane  models,  the  tail 
position  can  be  controlled  by  two  different  means.  The 
first  is  simply  to  require  that  the  horizontal  tail  rotation 
be  fixed  at  some  value  Sht •  The  second  is  to  fix  the  input 
commands  SE5T  and  Fpx  and  then  let  the  stability 
augmentation  system  adjust  the  tail  setting  SHt  . 

A.  Mathematical  Description 

Figure  A63  shows  a  control  system  representation  of  the 
stability  augmentation  system. 


Figure  A 63  Stability  Augmentation  System 


Using  figure  A63  as  a  guide,  the  following  equations  describe 
the  stability  augmentation  system. 

(8.1)  SSTlf  -  GFP  Fpx 

Where  is  the  force  exerted  by  the  pilot  on  the  stick. 


Let  Ua  and  U<jq  be  defined  by 

(8.3)  Ug,  =  dt 

(8.4)  tlqq- /uQdt 

Also,  let  U(>[  and  U.rrj  be  defined  by 

(8.5)  UR,  =  / R.dt 

(8.6)  Uc^|  -j'u.iudi 


Then 


(8.7)  R,  =  (  Uqq  +  Bl0  i  B20Q-UaRI  -BnUp.VB, 


Then 


(8.8)  I 

<2  ~  R ! 

i'  Rfa 

J  ^R+ 

,  and 

UPj?4  be  defined 

(8.9) 

1  1 

K  Z  ~  " 

/l?2dt 

(8.10) 

U.  Ri  ~ 

/  E5<« 

(8.11)  Ue/23 

'  JU-Z1 

(8.12) 

usi  -- 

y  p4  d.t 

(8.13) 

^PR4  “ 

f%Adt 

(8.14) 

Rs- 

(Gp  U.RJ  *■ 

\ 

*13 

(8.15) 

= 

(  U(2R3  - 

^  P,  P4  " 

B,*U»)/  B2. 

(8.16) 

Ps  - 

R*  <■  SF,T 

Because  of  rate  and  position  !imits,  the  equations 
that  describe  SM  in  terms  of  must  be  modified  to 

reflect  these  limits.  Let  S,,TP  be  defined  by 

(8.17)  ,  (?_  ..  S,„  ).  B,.„ 
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Then 


(8.18)  fiHr.  * 

(8.19)  Sht  - 


$HTDMX  ^  Ship  >  ^fiTPMX 

^HTP  *4-  -ShTPMA  -S^TP  6  SHTJ>Mx 

■"^MTPMX  l*~  S(*TP  -  ShTOMX 

mtn  {  o-o,  Shti  }  ii  Sur  ^  Shti*i*x 

$hti  ii  ShtmIw  <  Sht  <  Sntmax 

ma*  ^.o^ShtJ  S'ht^  5^TmiN 


Finally  the  stick  position  Fp*  may  be  positioned  as 
a  function  of  time  by  specifying  two  times  and  two  loads. 


(8.20)  FPX 


^  Tpxj..  -  Tpxi 

T  i  Tpxi  4  Tpxi 
«  *  Tpxi  <  Tpxz  -  ~T 
(FpM-FwiXT-Tp^ycr^  ■1pXJ) 
Tpxt  <.  r  <.  Tpx? 


B.  Parameter  Evaluation 

The  values  for  the  F-111A  system  parameters  are  listed 
in  Table  A23.  In  using  this  system  for  a  braking  problem 
the  usual  procedure  is  to  first  choose  a  steadystate 
value  for  Sht^Shts*).  Set  Skto  -  a  Sgsj  and  set 
Fpx  r  0  (  Tpx  i  -  I  =  o  )  , 

Set  all  other  initial  conditions  to  zero. 
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Table  A23  Horizontal  Tail  Control  Parameters  (Sheet  2  of  3) 
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9a.  RUNWAY  SYSTEM  (FLYWHEEL  AND  3  DEGREE) 


This  runway  system  is  essentially  the  same  as  the  runway 
system  for  the  6  degree.  In  fact,  the  relation  between 
the  two  is  given  by  =  Z&D<x,o>  and 

Z*0p<*>  -  Zfepp<^  o>  .  Even  though  this  system  is  like 
the  6  degree  system,  the  equations  are  listed  below  which 
take  advantage  of  the  fact  that  it  takes  less  computer 
time  to  calculate  ZGD<ot.>  than  Z6p<(*-,>o>  . 

The  data  describing  the  runway  is  in  tabular  form  and 
consists  of  runway  elevation  values  as  shown  in  table  A25 
as  described  in  discussion  of  the  6  degree  runway  system. 
The  data  is  from  the  center  strip  from  station  4574  to 
station  6574. 

A.  Mathematical  Description 

Let  ,  i  =  i,  2,  •••  j  »ooi  denote  the  elevations 

at  two  foot  intervals.  As  an  example,  HRC(s)  =  3,^8<o 
If  x  is  a  distance  measured  down  the  runway  where  x 
is  in  inches,  then  z  -  and  U>  - 

correspond  to  the  elevation  in  inches  and  the  slope  in 
inches  per  inch.  The  values  for  z  and  to  are  determined 
as  outlined  below.  The  function  will  have  the  pro¬ 

perty  that  Z&0<°>  -  o. 

Let  XLRO  be  a  constant  such  that  2.000, 

The  input  in  feet  is  derived  from  %  such 

that  o  £  XLBP  <  2000  and  for  some  integer  k. 

(9a.  1)  X[_rf  -  Xlro  +  %/r.l  -  2000  fc 

Let  n  be  an  integer  such  that  2(n-j)-  XLno<  2n 
and  define  ZGCO  by 

(9a,2)  2^0=  HRC(n) (HRCCn+0  -  HRC(n))(  XLeo-Zh  +  2  )/z 


If  m  is  an  integer  such  that  2(m- /)  £  XLErF  <  2m 
then  z  and  10  are  given  by 

(9a. 3)  £-  J2  (HftcCnu  +  (HRccm+t)  -  H^CmjXXLEP  +  Z  Vz  -  ^CGO  ^ 
(9a. 4)  uj  =  ( Hrc CrmO  -  HRCcmO/z 
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fable  A24  Runway  System  Parameters  (Flywheel  and  3  Degree) 


Table  A24  of  the  6  degree  runway  system  (use  center,  sta.  4574  to  6574) 


9b.  RUNWAY  SYSTEM  (6  DEGREE) 


The  runway  system  is  not  actually  a  "system"  in  the  same 
sense  as  the  brake  system,  for  example.  The  runway  system 
is  simply  a  function  called  by  the  airplane  system  to 
supply  values  for  ground  slope  and  elevation.  The  data 
describing  the  runway  is  in  tabular  form  and  consists  of 
runway  elevation  values  as  shown  in  Table  A25.  Except  for 
a  slight  modification,  the  data  in  Table  A25  is  taken  from 
station  4574  to  station  6574  of  runway  25  from  reference  11. 
The  left  elevations  and  right  elevations  are  10  ft.  to  the 
left  and  10  ft.  to  the  right  of  center  respectively.  The 
elevations  have  been  modified  slightly  so  that  the  eleva¬ 
tions  at  station  4574  match  those  as  station  6574.  This 
is  done  to  provide  an  essentially  "endless"  runway  by 
repeated  use  of  a  basic  2000  ft.  strip. 

A.  Mathematical  Description 

Let  H  ,(i)  ,  H cccO  ,  -*,100 1  denote  the 

elevations  at  two  foot  increments  of  the  right,  center, 
and  left  runway  strips  respectively.  As  an  example, 

HRlciO  *  9.550  and  Hcct5)  =  9.686.  If  x  is  a  distance 
measured  down  the  runway,  and  v  is  a  distance  measured 
out  from  the  center  of  the  runway  where  x  and  ^  are  in 
inches,  then  a  =  and  uo  = 

correspond  to  the  elevation  in  inches  and  the  slope  in 
inches  per  inch*  The  values  for  i  and  uj  are  determined 
as  outlined  below.  The  function  2*0  will  be  chosen  in  such 
a  way  that  *0.0  inches. 

Let  XL8P  and  yLRfr  be  the  inputs  in  feet.  Thus, 

(9c. 1)  yLRP  =  V.z 

Let  XtR0  be  a  constant  such  that  0  ^  XLRO  <  2000.  Xuee 
is  a  number  such  that  0£  Xl.e f<  2000  and  which  also  satis¬ 
fies  the  following  equation  for  some  integer  K. 

(9c. 2)  XLRp  *  X i_Ro  —  2ooo  K 
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Now  let  n  be  an  Integer  such  that  2(n  -1)  ^  Xueo  <  2n  . 
Define  ZCBO  5  £&co ,  ~k  &t_o  as  follows: 

(9c. 3)  i i&fto  ~  +  g  ( Heu(|r*+-1  ^ ~ X  LBO  **20  +  2) 

(9c.4)  2&EO  -  HR^(n)  + Hgc Cm+i) - Hbc  <ro)(X  uio  ~2n  +  2) 

(9c.5)2&Lo  -  HCLCh)  +  l(HEU(Kl+i>-HieL(n0(XLBO-an+z) 

Now  let  m  be  an  integer  such  that  2(m-l)  £  XL(tF<  2m 
Define  Z&ex^ccx  ;  and  £6LX  as  follows: 

(90.6)2^^  =  WceOti)  +  '(H  euCrnfi)  -  HeeOm))(XLi2F  ~  2&EO 

(9c.7)?scx  ~  HecC^^ +z(HEcC'^hi)- HgcCm^CXLep -2rr)+2)  - 
(9c.8)2<iLx  -  +  ^(HELcrvv»n -HgL(m))(XLep -j-2.)  -  ^6b0 

If  Xubf  ^  o  ,  then 

(9c. 10)  H  =  12  (  £®cx  +■  C ~  Z^&cx )C 

(9c.ll)  uj  =  C  VLBp- / zo) (  Hr£ (imti ) -  HerLdo) -  Hr<;( m+i)  -t-  H ec^)) 
+  l  (  Hb,c  (m+i )  ■•  H*cCm>) 

If  Wer^o  ,  then 

(9c .  12)  £  ~  iz.  (  ZGCX  ■<*  C  Zgcx  Z-gljc  )C  Xj_e  p  /10  ) 

(9c.  13)  uj  -  (  Xl.u.f' / 2o) (  H b_<; (m+0~  H bc —  -J-  H BLCmJ1) 

^  2.  (  H  rc  Cm+0  —  M&c  (w  >) 
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9.575 
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5330 

9.680 

9.812 

9.697 
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9.580 

9.655 

9.588 

5196 

9,597 

9.753 

9.552 
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9.686 

9.811 

9.702 
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9.589 

9.699 

9.531 

5195 

9.535 

9.  705 

9.639 

5338 

9.  689 

9.823 

9.702 

9060 

9.58* 

9.702 

9.593 

5203 

9.595 

9.761 

9.633 

5303 

9.683 

9.812 

9.700 
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9.58? 

9.696 

9.591 

5202 

,9.591 

,9.707 

9.635 

5302 

9.680 

9.811 

9.703 

9060 

9.577 

9.686 

9.511 

5200 

9.6)1 
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.9,608 

5300 

9.675 

9.  807 

9.  705 
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9.5S8 

9.679 

9.579 
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5306 

9.672 

9.813 

9.699 

906a 

9.569 

9.663 

3.565 

5218 

9.623 

9,767 

9,659 

5308 

9.680 

9.816 

9.  701 
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9.575 

9.662 

9.557 

5213 

9.633 

9,779 

9.662 

5353 

9,694 

9.818 

9,700 

90  T? 

9.570 

9.665 

9.55) 

5212 

9.623 

9.772 

9. 661 

5352 

9.  699 

9.810 

9.  TOO 

SOTO 

9.568 

9.666 

9.  562 

5210 

9.620 

9.765 

9.659 

5350 

9.705 

9.813 

9.TC6 

5076 

9.571 

9.67? 

3.557 

5216 

9.623 

9.768 

9.  660 

5356 

9.710 

9.811 

9.708 
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9.569 

9.675 

9.555 
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9.61? 

J»e7J3 

.9.537 

5358 

9.710 

9.817 

9.  707 

53*0 

9.558 

9.679 

9.566 

5221 

9.620 

9.772 

5.  650 

5360 

9.707 

9.809 

9.699 

906? 

9.565 

9.690 

9.553 

5222 

9.622 

5.765 

9.659 

5362 

9.699 

9.813 

9.700 

SOSO 

9.559 

9.697 

9.570 

5220 

9.627 

9.761 

9. 608 

5160 

9.697 

9.800 

9.703 

5086 

9.  566 

9.685 

9.555 

5226 

9.6?f 

9.766 

9.652 

5366 

9,697 

9.  808 

9.  TCI 

9088 
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9.660 

9.557 

5228 

9.620 

9.757 

9,658 

5368 

9,702 

9.802 

9.708 

5090 

9.553 

9.660 

9.556 
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.  9.631 

9,756 

?.8?7 

5370 

9.  708 

9,797 

9.706 

509? 

9.565 

9.663 

9.557 

5232 

9.610 

9.772 

9.661 

5372 

9.713 

9,799 

9,706 

5090 

9.565 

9.670 

9.553 

5230 

9.603 

9.777 

9.661 

5370 

9.  719 

9.811 

9.705 

5396 

9.560 

9.672 

9.566 

5236 

9.637 

9.766 

9,662 

5376 

9.731 

9.822 

9.711 

5399 

9. 55? 

9.675 

9.55? 

52)8 

9.625 

9,777 

9,659 

5378 

9.73  7 

9.835 

9.715 

5100 
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9.690 

9.57  0 

520) 

9.627 

9.778 

9.550 
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9.700 

9.832 

9.721 
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9.555 

9.702 

9.576 
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9.622 

9,775 

0.  668 
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9.  706 

9.833 

9.722 

5100 

9.565 

•  9.716 

9.577 

5200 

9.63# 

9.779 

9.675 

5380 

9.751 

9.835 

9.732 
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9.573 

9.710 

9.5*1 

5206 

9,601 

9.780 

9.680 
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9.763 

9.837 

9.733 
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9.569 

9.702 

9.575 

5205 

9.601 

9.779 

9.639 
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9.760 

9.852 

9.729 
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9.560 

9.699 

9,582 

5250 
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9.780 

9.695 

5390 

9.768 

9.850 

9.733 

511? 

9.571 

9.697 

9.577 
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9.653 

9.771 

9.697 

5392 
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9.735 
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9.568 
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9.731 
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9.561 
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9.657 

9,79) 
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9.781 

9.865 

9.735 
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9.676 

9.55) 
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5.66? 

9.793 

9.710 

5030 

9.777 

9.871 

9.737 
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9.675 

9.556 
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9.787 
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51?0 

9.500 

9.676 

5260 

9.663 

9.782 

9.708 
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9.777 

9.870 

9.703 

5126 

9.539 

9.677 

5256 

9.660 

9.780 

9,705 

5006 

9.783 

9.862 
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9i?a 

9.537 

9.672 

9.567 
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9.660  1 

9.786 

9.692 
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9.78) 

3.858 

9.705 
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9.516 

9.657 

9.565 
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.  9.660 

6,787 

9.675 

5010 

9.782 

9.  868 

9.757 

515? 

9.507 

9.  667 

9.567 
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5,657 

9.786 

5.683 

5012 

9.785 

9.865 

9.760 

5150 

9.509 

9.657 

9,565 

5270 

.  9,655 

.  .9,782 

9.681 

.  5010 
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9.  860 

9.763 

5156 

9.539 

9.661 

9.  561 

5276 

9.651 

9.789 

5.675 

5016 

9.783 

9.871 

9.763 

515* 

9.535 

9.652 

9.551 

3278 

9.601 

9.780 

9.667 

5018 

9.777 

9.873 

9.762 
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9.  SO? 

9.6  53 

9.509 

528) 

.9.633 

9.776 

5.562 

3020 

9.775 

9,877 

9.760 

510it 

9.505 

9.651 

5282 

9.629 

9,766 

9.662 

5022 

9.780 

9.88) 

9.766 

5100 

9.508 

9.660 

5280 

?.6»  6 

9,767 

9,657 

5020 

9.787 

9.880 

9.770 
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9.552 

9.679 

9.573 
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5026 

9.783 

9.872 

9.775 
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9.672 

9.570 
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.9,635 

9,716 

9.557 
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9.785 

9.869 

9.7  77 

5153 
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9.675 
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5030 

9.787 

9.862 

9.780 
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9.565 

5.660 

9.570 
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9.603 

9.775 

9.666 

5032 

9.790 

9.857 

9.786 

5150 

9.565 

9.670 

9.573 
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9.655 

9,780 

9,666 

5030 

9.797 
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9.793 
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9.793 
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9.  796 

9.  887 

9.  793 
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9.590 

9.705 

9.590 
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9.662 

9.  801 

9.567 

5038 

9.795 

9.883 

9.792 
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9.599 

9.715 

9.6)1 
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9.657 

9.801 

9.670 
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9.7*7 

9.882 

9.787 

516? 

9.589 

9.71* 

9.600 

5302 

5.653 

9.805 

9.557 
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9.786 

9.887 

9.785 

9160 

9.599 

9.723 

9.6?T 

5300 

9.661 

9.8C8 

9.689 
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9.781 

9.877 

5.783 
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9.  59* 

9.719 

9.511 
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9.657 

9.806 
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9.870 
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9.61? 
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7.691 

100  8 
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9.866 

9.773 
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9.631 

9.735 

9.515 
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9.801 

9.660 
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9.  791 

9.  865 

9.  767 
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9.599 

5.730 

9.623 
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9,66’ 

9.838 
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505,' 

9.750 

9.857 

9.760 

'  5170 

9.592 

9.  738 

9.52  7 

5)10 

9.66) 

9.808 

9,701 

5050 

9.  77 P 

9.  855 

9.763 
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9.592 

9.732 

9.611 

5316 

9.655 

9.807 

9.7)0 

5056 

3.866 

9.767 
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9.593 

9.730 

9.630 
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9.660 

9.SC5 
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9.  772 

9.  960 

9.767 
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9.789 
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9.788 
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9.79) 
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9.811 

9.897 

9.9)) 
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9.893 

9.910 

9.797 
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9.814 

9.896 

9.7)5 

5480 

‘.813 

9.913 

9.  799 

5482 

9.811 

9.921 

9.803 

5484 

9.812 

9.927 

9.8C6 

545* 

9.819 

9.929 

9.813 

5488 

9.818 

9.922 

9.837 
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9.815 

9.927 

9.807 

5492 

9.  817 

9.931 

9.801 

5494 

9. 8?  7 

9.920 

9.793 

549* 

9.793 

9.919 

9.703 

5498 

9.  792 
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9.  7  ?6 
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9.  795 

7  .904 

9.774 

50  2 

9.797 

9.903 

9.771 
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9.833 

9.9)5 

9.775 

57  * 
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9.797 

9.799 

9.904 

9.905 

4.7  79 
9.754 

55 1C 

9.  799 

9.9C* 

9.788 

5512 

9.802 

9.902 

9.735 

5514 

9.  811 

9.904 

9.  784 

5516 

9.8)1 

9.903 

9.795 

5518 

9.  803 

9.5)2 

9.  790 

5573 

9.833 

9.914 

9.79) 

5)22 

9.332 

9.892 

9.810 

5)24 

9.801 

9. 910 

9.803 

5526 

9.806 

9.9)4 

9.5)4 

5)28 

9.8H 

9.8  89 

9.837 

53)0 

9.797 

9  .  387^ 

9.515 

55)2 

9.797 

9.904 

9.824 

5334 

9.  799 

9.913 

9,827 

533* 

9.8)4 

9.909 

9.826 

.5)38 

9.818 

9.929 

9.82  7 

5349 

9.817 

9.9  33 

9.827 

5542 

Ellli 

9.937 

9.52) 

5544 

K.  ’  <1 

9.933 

9.8)5 

354* 

E,;a 

9.927 

9.53) 

534C 

E  l 

9.9)8 

9.8)9 

5330 

9.826 

9.927 

9.54) 

5)52 

9.821 

5.  3  30 

9.843 

5)34 

9.822 

9.933 

9.947 

355* 

9.821 

9.922 

9.8)0 

5)58 

9.822 

9.930 

9.554 
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9.829 

4.9H 

9.86) 

5542 

9.833 

9.947 

9.8)5 

55*4 

9.847 

9.956 

9.858 

5)4* 

9.89) 

9.947 

9.862 

55*8 

9.849 

9.947 

4.861 

557) 

9  .849 

9.9  61 

9.863 

5372 

9.  83* 

9.948 

9.854 

5)74 

9.841 

9.963 

9.871 
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9.  841 

9.962 

9.578 

3)78 

9.843 

9  .943 

9.877 

5580 

9.845 

9.963 

9.575 

5)82 

9.840 

9.970 

4.87) 

5584 

9.8)9 

9.953 

4.974 

5)8* 

9.841 

9.954 

9.  862 

5588 

9. '43 

9.954 

9.861 

5590 

9.135 

9.943 

9.541 

5392 

9.8)6 

9.9)4 

9.862 

5)94 

9.834 

9.931 

9.862 

539* 

9.83) 

9.911 

9.865 

5398 

9.8  33 

9.916 

9.84) 

m 

Deration 

Lift 

Crater 

tnn 

4.964 

10.058 

ijifl 

9.9*7 

10.052 

IKl 

9.964 

10.056 

5746 

9.962 

13.049 

5748 

9.970 

13.0)6 

5750 

9.972 

10.064 

5752 

9.972 

13.089 

5754 

9.967 

10.088 

.  575* 

9.966 

13.092 

5758 

9.974 

13.091 

57*0 

9.982 

13.098 

5762 

9.980 

10.101 

5764 

9.97* 

13.097 

5J6* 

9.975 

10.098 

5761 

9.979 

10.100 

5770 

9.978 

10.087 

5772 

4.9*7 

10.094 

5774 

9.973 

13.087 

577* 

4.970 

10.092 

J778 

4.9*7 

1) .097 

5780 

9.963 

10.09) 

5782 

9.963 

1 3  .089 

5784 

9.9)7 

10.084 

5716 

9.943 

13.377 

5788 

9.934 

10. 067 

5790 

9.930 

13.067 

5792 

9.927 

11.  064 

5794 

9.914 

13.062 

579* 

9.915 

10.066 

5798 

9.912 

10.074 

5800 

9.910 

13.071 

5802 

9.923 

10.073 

5834 

.9.92) 

13.391 

5806 

9.927 

10.088 

5808 

9.933 

D.10) 

5810 

9.942 

10.131 

5812 

9.447 

10.12) 

5)1* 

9.9*3 

10.123 

5816 

9.965 

D.lflB 

5818 

9.973 

10.113 

5820 

9.970 

1 3.134 

5822 

4.975 

10.101 

5824 

9.973 

13.395 

5826 

9.967 

10.091 

5828 

9.963 

13.095 

.5830 

9.961 

10.105 

5832 

9.963 

13  .137 

5834 

9.960 

10.118 

581* 

19.121 

5838 

9.963 

13.11) 

58W 

9.960 

13.111 

5842 

9.967 

13.10) 

5844 

9.963 

19.108 

5846 

9.957 

10.11) 

5848 

4.964 

10.112 

5850 

.  9.477. 

10.1SJ3 

5852. 

9.985 

10.115 

54  54 

4.990 

10.111 

5856 

9.991 

10.10) 

5858 

9.980 

13.105 

5860 

9.987 

10.100 
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9.988 

1 )  .99) 

5  864 

4.983 

10.091 

5866 

9.971 

10.088 

.  5868 

.9,962 

10.082 

5870 

4.9)7 

19.081 

5872 

9.9)2 

10.088 

5874 

9.950 

13.073 

5076 

9.943 

19.064 

5878 

9.947 

10.061 

10.004 
13.3 11 
10.01) 
10.014 
10.31) 
10.017 
10.313 
10.009 
10.904 
10.00) 


10.00} 
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Elevttlo- 
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Flfht 

see? 

9.965 

15.055 

9.957 

5*82 

9.963 

15.C61 

9.956 

sw« 

9.967 

15.025 

9.987 

M86 

9.961 

15.026 

9.966 

W8I 

9.985 

l?.028 

9.952 

5890 

9.952 

15.021 

9.957 

9892 

9.957 

15.038 

9.947 

58  9* 

9.961 

19.051 

9.981 

5896 

9.951 

11.065 

9.996 

5898 

9.971 

19.071 

10.099 

590  f 

9.971 

11.0  75 

10.156 

5952 

9.989 

15.072 

11.958 

591  8 

10.002 

■>0.5  81 

10.009 

5906 

15.008 

15.989 

15.597 

5908 

1C. 017 

15.  M2 

1O.101 

5915 

15.0  32 

11.112 

9.997 

5912 

10.027 

15.116 

10.012 

5918 

11.019 

10.117 

10.5)6 

5916 

10.058 

11.116 

15.1)8 

59 ’,8 

10.060 

15.115 

10.010 

592  0 
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11.115 

15.1)5 

5922 

10.018 

19.109 

10,  ?11 

5926 

10.CS0 

15.121 

15.1)2 

5926 

10.011 

11.111 
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5925 

9.996 

15.  MS 

10.03? 

5950 

9.981 

10.111 

15.0)6 

5952 

9.590 

15.11? 

10.016 

5916 

9.957 

10.0  98 

10.1)5 

5916 

9.987 

IP. 156 

9.997 
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9.951 

11.098 

9.99) 
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19.1  93 
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9.981 

15.091 

9.956 
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9.985 
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9.976 

15.0  98 

9.975 
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9.982 

19.092 

9.980 
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9.991 

15.091 

9.986 

5952 

10.051 

11.095 

9.907 
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15.518 
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9.992 
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10.019 

15.125 

9.997 
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15.110 

11.121 

15.010 
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10.051 

10.115 

11.5)7 

5962 
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19.138 

10.OC2 
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9.995 
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9.996 

19.115 

9.988 
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9.958 
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9.956 

5970 

9.987 

10.100 

9.977 
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9.957 

15.0  98 

9.176 
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9.986 

15. f 97 

9.945 
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9.957 

15.099 

9.959 

5978 

9.9  91 

11.0  95 

9.956 

5980 

9.991 

10.0  98 

9.95? 

5982 

9.992 

19.095 

9.95) 

5986 

9.997 

10.0  90 

9.  967 
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9.915 

1'.  .092 

9.955 

5988 

9.987 

10.996 

9.957 

5995 

9.956 

19.091 

9.961 

5992 

9.983 

15.983 

9.947 

5996 

9.974 

19.018 

9.966 
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9.976 

19.098 

9.946 

5998 

9.975 

10.086 

9.964 
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9.977 

15.075 

9.948 
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9.960 

15.0  71 

S.  959 

60?6 

9.911 

15.975 

9.955 

6006 

9.985 

15.071 

9.965 

6108 

9.95) 

1).0  71 

9.968 

6"10 

956 

19.068 

9.977 

602 

15.0  77 

9.981 

6016 

9.94  1 

19.079 

9.9)6 

60  16 

9.967 

15.083 

9.  987 

6018 

9.945 

15.079 

9.954 

KLemtlon 

Left 

Center 

Bleht 

6)2? 

9.962 

10  .082 

9.979 

67*22 

9t9S6 

10. ne) 

9.975 

6)26 

9.955 

10.386 

9.972 

6026 

9.95) 

10.183 

9.975 

6)28 

9.957 

10.076 

9.971 

5)5) 

9.960 

1C.385 

9.975 

6532 

9.961 

10.396 

9.9  72 

5136 

9.969 

10.092 

9.949 

60  56 

9.9T3 

10.396 

9.966 

6115 

9.97) 

13.39) 

9.960 

6C6? 

9.97) 

10.089 

9.  959 

6562 

9.978 

13.189 

9.958 

6066 

9.976 

10.087 

9.955 

6)66 

9.975 

10  »?8  8 

9.955 

6068 

9  973 

13.05*. 

9.551 

6)55 

9.972 

10.0  86 

9.966 

6552 

9.953 

10.57) 

9.966 

6056 

9.911 

10.002 

9.  946 

6554 

9.952 

13.389 

9.951 

6f  58 

9.958 

10.09) 

9.965 

6565 

9.913 

11.392 

9.956 

6C62 

5.95C 

10.393 

9.952 

4366 

9.979 

10.391 

9.962 

6066 

9.970 

10.39) 

9.96) 

6068 

9.970 

10.582 

9.962 

6571 

9.975 

10.576 

9.955 

6072 

9.976 

10.085 

9.96) 

5)76 

9.977 

13.386 

9.968 

60  76 

9.951 

10.085 

9.97) 

6575 

9.955 

13.188 

9.981 

6080 

9.980 

10.133 

9.983 

6382 

9.991 

10.1U8 

9.906 

6086 

9.987 

10.194 

9.955 

6086 

9.990 

10.089 

9.996 

6585 

9.993 

13.392 

•♦.998 

6895 

9.951 

10.085 

9.  996 

6)92 

9.977 

10.396 

9.996 

6196 

9.976 

10.089 

9,991 

6396 

9.966 

13.192 

9.982 

6C98 

9.965 

10.08) 

9.91) 

615) 

9.943 

13.385 

9.986 

6102 

9.956 

10. 076 

9.988 

61?  6 

9.961 

10.081 

9.988 

6106 

9.957 

10.379 

9.986 

6158 

9.955 

10.076 

9.987 

611? 

9.952 

10.076 

9.958 

6112 

9.966 

10.072 

9.985 

6116 

9.966 

10.0  , 

9.952 

6116 

9.963 

10.075 

9.975 

6119 

9.981 

13  .371 

9.977 

6120 

9.961 

10.079 

9.975 

6122 

9.9)8 

10.06) 

9.963 

6126 

9.918 

10.V73 

9.969 

6124 

9.9)5 

10.?76 

9.968 

6128 

9.  96? 

10.371 

9.972 

613? 

9.9)6 

10.07’1 

9.977 

61)2 

9.9)5 

13.376 

9.976 

6116 

9.917 

10.059 

9.97? 

61)5 

9.963 

13.377 

9.969 

6138 

9.960 

10.070 

9.967 

616) 

9.916 

10.361 

9.970 

6162 

9.915 

10.37) 

9.971 

6166 

9.9)7 

10.066 

9.972 

6166 

9.9)1 

10.067 

9.577 

6169 

9.9)6 

10.366 

9,981 

6153 

9.9)2 

15.576 

9.987 

6152 

9.9)0 

10.069 

9.996 

6156 

9.91) 

13.566 

10.304 

6154 

9.  912 

10.382 

15.5)5 

6155 

9.936 

10.071 

10, A  if» 

Stktitu 

Elevation  { 

Left 

Center 

Ri*bt 

6160 

9.937 

10.C79 

10.011 

6152 

9.957 

13.086 

13.012 

6166 

9.938 

10.071 

10.015 

6166 

9.960 

10.396 

13.116 

6168 

9.960 

13.095 

1C. 014 

6173 

9.958 

10.096 

1C.CC9 

6172 

9.96) 

10.076 

9.999 

?  176 

9.945 

10.085 

10.006 

6176 

9.942 

13.003 

13.535 

6178 

9.9)9 

M. C  79 

it.ru  2 

6:80 

9.942 

13.070 

10.302 

6182 

9.9)8 

13.062 

9.999 

6186 

9.942 

13.059 

9.995 

6186 

9.955 

10.063 

9.995 

6188 

9.946 

13.057 

9.986 

6190 

9.943 

1J.C6S 

9.985 

6192 

9.9)4 

13.062 

9.973 

6196 

9.936 

10.049 

9.962 

6196 

9.9)0 

10.C48 

9.955 

6198 

9.929 

13.059 

9.954 

6203 

9.  927 

10.  P49 

9.  956 

6202 

9.929 

13.081 

9.955 

6204 

9.922 

10.075 

9.  949 

6206 

9.914 

13.071 

9.946 

6208 

9.912 

10.061 

9.946 

6210 

9.90  0 

10.071 

9.949 

6212 

9.897 

10.060 

9.953 

6216 

9.894 

13.058 

9.  949 

6216 

9.887 

13.562 

9.949 

6218 

9.889 

10.061 

9.944 

6220 

9.887 

13.063 

9.941 

6222 

9.886 

10.068 

9.935 

6224 

9.880 

10.061 

9.929 

6226 

9.877 

10.055 

9.925 

6228 

9.87) 

10.065 

9.916 

62)3 

9.067 

10.061 

9.914 

6232 

9.860 

13.055 

9.912 

62)4 

9.85) 

13.34) 

9.916 

6256 

9.050 

10.044 

9.922 

62)8 

9.846 

13.041 

9.921 

6260 

9.841 

13.0)1 

9.  919 

6242 

9.844 

15.021 

9.918 

6244 

9.854 

13.015 

9.909 

6246 

9.040 

13.0.1* 

9.903 

6248 

9.84) 

9.997 

9.899 

6250 

9.844 

10.009 

9.890 

6252 

9.040 

10.018 

9.096 

6254 

9.8)6 

13.015 

9.  899 

6256 

9.85) 

10.022 

9.903 

6258 

9.827 

10.01) 

9.899 

6243 

9.823 

13.501 

9.891 

6262 

9,021 

10.004 

9.886 

6264 

9.821 

9.98? 

9.803 

6266 

9.826 

9.956 

9.879 

6268 

9.828 

9.958 

9.081 

6270 

9,8)0 

9.963 

9.882 

6272 

9.8 1C 

9.964 

9.  881 

6274 

9.8)1 

9.972 

9.879 

6276 

9.0)2 

.  9.978 

9.  884 

6278 

9.8)3 

9.984 

9.866 

6281 

9.827 

9,  904 

9.865 

6282 

9.02) 

9.974 

9.893 

6284 

9.024 

9.973 

9.891 

6286 

9.824 

9.967 

9.890 

6288 

9.823 

9.958 

9.682 

6290 

9.825 

9.949 

9.879 

6292 

9.815 

9.957 

9.870 

6294 

9.  8?6 

9.952 

9.  86) 

6296 

9.837 

9.948 

9.855 

*098 

9.  919 

9.  941 
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Table  A25  Three  Track  Elevation  Profiles 


(Stations  and  elevations  are  in  feet) 
(Sheet  6  of  6) 


Table  A26  Runway  System  Parameters  (6  Degree) 
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This  input  allows  starting  the  airplane  on  a  different  part  of  the  runway 
profile  even  though  its  distance  down  the  runway  is  the  same. 


APPENDIX  B 


DIGITAL  COMPUTER  PROGRAM  FOR 
SIMPLIFIED  ANTISKID  ANALYSIS  PROCEDURE 


The  user's  instructions  for  CDC  6500  procedure  A6A  which  is 
a  program  for  solving  the  equations  for  the  simplified 
antiskid  analysis  procedure  as  described  in  Section  III 
are  as  follows: 

INPUT  DATA 

Input  card  data  shall  be  tabulated  on  Data  Sheets  according 
to  the  following  format  for  all  cards: 


1-66 

67-72 

73 

74-75 

76-79 

Problem  Data 

Job 

m 

PN 

CS 

PN —  problem  number,  CS--card  sequence  number 
(numbered  sequentially  from  0001). 

The  problem  data  is  defined  by  the  following  formats. 
Unless  otherwise  indicated,  data  should  be  entered  as 
floating  point. 


Card  1 


Card  Columns 


1-30 

37-45 

47 

ID 

JOB 

M 

Columns 

1-30 

37-45 

47 


Variable  Description 
ID  --  Alphanumeric  Identification 
JOB  --  Problem  Name  (alphanumeric) 
M  =  1  printed  output  only 
m  2  microfilm  output  only 
=  3  printed  and  microfilm  output 
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a  -i  nhinFirfBh 


Card  2 


Card  Columns 


1-10  |  11-20 

21-30 

31-40 

TSTEP  j  T1NTP 

TEND 

TRITE 

Variable 


Description 


TSTEP 

TINTP 

TEND 

TRITE 


Time  between  steps 
Internal  print  interval 
System  run  time 
System  print  interval 


Card  3 


Card  Columns 


1-10 

11-20 

21-30 

31-40 

41-45 

ACVRO 

ACVSO 

PCVB 

VHIN 

NR 

Variable 

Description 

ACVRO 

Control  valve  return  full  flow 
coefficient 

ACVSO 

Control  valve  supply  full  flow 
coefficient 

PCVB 

Control  valve  bias  pressure 

VMIN 

Flywheel  velocity  for  terminating 
problem 

NR 

Number  of  Brake  rotors 
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Simplified  Brake  Control  System  (Cards  4-11) 


1-10 

11-20 

21-30 

.  . 

31-40 

41-50 

51-60 

- 1 

Cards 

ALPHA 

ALPHB 

ABP 

ABPS 

XGDD 

VFD 

M 

ACVL 

CBPL 

CBPU 

CG 

CSCVR 

DG 

5 

ET 

FNM 

GCV 

PBO 

PCP 

PFB 

6 

PR 

RBT 

RR 

RTD 

SCL 

SCVO 

111 

SCVA 

SCVR 

TCP 

UB1 

UB2 

UT1 

8 

UT2 

VF 

VRO 

WG 

WTO 

WIT 

XCVO 

XSCM 

XSCR 

XBO 

XGO 

XDGO 

10 

XFO 

XFDO 

11 

Variable 

ALPHA 

ALPHB 

ABP 

ABPS 

XGDD 

VFD 

ACVL 

CBPL 

CBPU 

CG 

CSCVR 

DG 

ET 

FNM 

GCV 

PBO 

PCP 

PFB 

PR 

RBT 

RR 

RTD 

SCL 


Description 

Tire  Friction  Parameter  (c(  ) 

Brake  Lining  Friction  Parameter  ( ct^) 

Piston  area/brake 
Piston  area/control  valve 
Axle  horizontal  acceleration  <«*>, . 

Flywheel  peripheral  acceleration  (^ ) 

Control  valve  leakage  flow  coefficient 
Brake  P-V  slope  (disk  not  in  contact) 

Brake  P-V  slope  (disc  in  contact) 

Fore  and  aft  spring  rate  at  axle 
Control  valve  input  coefficient 
Fore  and  aft  damping  coefficient  at  axle. 

Tire  friction  velocity  correction  coefficient 
Vertical  force  on  tire  from  ground 
Control  valve  gain 
Brake  oressure  (at  time  zero) 

Pilots  command  brake  pressure 
Brake  piston  friction  hysterisis  pressure 
Hydraulic  system  reservoir  pressure 
brake  piston  torque  producing  radius 
Tire  effective  rolling  radius 
Axle  height  (above  ground) 

Control  valve  overlap 
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Variable 

SCVO 

SCVA 

SCVR 

TCP 

UBl 

UB2 

UT1 

UT2 

VF 

VRO 

WG 

WTO 

WIT 

XCVO 

XSCM 

XSCR 

XBO 

XGO 

XDGO 


XFO 

XFDO 


Description 

Control  valve  full  open  spool  travel 

Control  valve  maximum  application  travel 

Control  valve  maximum  release  travel 

Time  to  reach  maximum  command  pressure 

Brake  lining  friction  parameter 

Brake  lining  friction  parameter 

Tire  friction  parameter 

Tire  friction  parameter 

Flywheel  peripheral  velocity 

Tire  -  friction  vs.  velocity  -  parameter 

Mass  of:  Wheel,  Tire,  Brake,  &  supporting 

structure 

Angular  velocity  of  Tire  &  Wheel  (at  time 
zero) 

Moment  of  Inertia:  Tire,  Wheel,  &  Brake 
rotor 

Control  valve  spool  position  (at  time  zero) 
Value  of  Xsc  f°r  maximum  regulation  ' 

Value  of  Xsc  for  zero  regulation' 

Brake  piston  position  (at  time  zero) 

Axle  horizontal  position  (at  time  zero) 

(Xgo) 

Axle  hocizontal  velocity  (at  time  zero) 

(Xgo) 


Flywheel  peripheral  distance  (at  time 
zero)  (XF0) 

Flywheel  peripheral  velocity  (at  time 
zero) (XF0) 


1)  Xgc  is  the  control  valve  pressure  regulation  parameter. 


319 


Wheel  Speed  Sensor  System 

Card  12  (follows  the  Simplified  Brake  Control  Systems  cards) 


2 

Card 

10PT 

12 

Variable  Description 

10PT=1  the  control  circuit  input  signal  is 

proportional  to  the  mass  displacement 

I0PT=2  the  control  circuit  input  voltage  is 

considered  proportional  to  the  wheel's 
angular  velocity. 

The  wheel  speed  sensor  system  has  two  approaches  as  mentioned 
above.  The  problem  data  varies  for  each  approach  taken. 


IOPT^l 
Card  Columns 


1-10 

11-20 

21-30 

31-40 

41-50 

51-60 

Card 

CCGV 

CWG 

CWS 

DWS 

GWS 

WWS 

13 

ESN 

XWS 

XWS 

EG 

14 

Variable  Description 

CCGV  Output  voltage  coefficient  (volt/in) 

CWG  Hypothetical  linear  force  motor  coefficient 

(lbf /volt) 

CWS  Spring  rate  (hypothethical  spring)  (lbf/in) 

DWS  Damping  coefficient  (hypothetical  damper) 

( lbf/in) 

GWS  Hypothetical  tachometer  voltage-speed 

coefficient  (volt  sec/rad) 

WWS  Mass  (hypothetical  mass)  (lbf  sec2/in) 

ESN  Input  signal  "noise"  (volts) 

XWS  Hypothetical  mass  displacement  at  time=0  (in) 

XWS  Hypothetical  mass  velocity  at  time=0  (in/sec) 

EG  Anti-skid  control  circuit  input  signal  (volts) 
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I0PT=2 


Card  Columns 


1-10 

11-20 

21-30 

Card 

GWOC 

ESN 

EG 

13 

Variable  Description 


GWOC 

ESN 

EG 


D.C.  tachometer  voltage-speed  coefficient 
(volt  sec/rad) 

Input  signal  "noise"  (volts) 

Anti-skid  control  circuit  input  signal 
(volts) 


Card  Group  A  (follows  wheel) 


2 

Csrd 

I 

Al 

Variable _  Description 


1=1  a  modulated  (brake  pressure)  circuit 

will  be  used  to  simulate  the  control 
system. 

1=2  an  electrical  on-off  circuit  will  be 

used  to  simulate  the  control  system. 


Modulated  Circuit 


Card  Columns 


1-10 

11-20 

21-30 

31-40 

41-50 

51-60 

Car  1 

CM 

C404 

C405 

C406 

C407 

C446 

mm 

C447 

C448 

C449 

C450 

C451 

C452 

m*  _ 

C456 

C457 

C458 

C459 

C460 

C461 

A4 

C462 

C526 

C527 

C528 

C529 

C530 

A5 

C531 

C532 

C533 

C534 

C535 

C565 

A6 

C566 

C567 

C568 

C569 

C570 

C571 

A7 

C575 

C576 

C577 

C578 

C579 

C580 

A8 

C581 

C604 

C605 

C606 

C607 

C608 

A9 

C609 

C610 

C611 

C612 

C613 

C614 

C615 

C616 

C617 

C618 

C619 

C620 

C621 

C622 

C623 

C800 

C801 

C802 

C803 

C804 

C805 

C806 

|  C807 

C808 

C809 

C810 

C811 

C812 

!  VC1 

VC2 

A14 

VC3 

VC4 

VC1 

VC2 

VC3 

VC4 

A15 

EV 

A16 

Variable 


Description 


CM 

VC2  voltage  coefficient  equ  VB 

C404 

ACQ3  coeff  equ  N7 ,  N5-3-4,  N5-7 
(D1MLS) 

C405 

Const  equ  N7 ,  N5-3-4,  N5-78,  N5 
(AMPS) 

C406 

AD5  coeff  equ  N4  (OHMS) 

C407 

Const  equ  N4  (VOLTS) 

C446 

(EG-VC1)  coeff  equ  Q2-3  (MHOS) 

C447 

(VC3+VC4)  coeff  equ  Q2-3  (MHOS) 

C448 

Const  equ  Q2-3  (AMPS) 

C449 

(EG-VC1)  coeff  equ  Q2-4  (MHOS) 

C450 

VC2  coeff  equ  Q2-4  (MHOS) 

C451 

(VC3+VC4)  coeff  equ  Q2-4  (MHOS) 

C452 

Const  equ  Q2-4  (AMPS) 

C456 

(EG-VC1)  coeff  equ  Q2-1  (MHOS) 

C457 

(VC3+VC4)  coeff  equ  Q2-1  (MHOS) 

C458 

Const  equ  Q2-1  (AMPS) 

C459 

(EG-VC1)  coeff  equ  Q2-2  (MHOS) 

C460 

(VC3+VC4)  coeff  equ  02-2  (MHOS) 

C461 

VC2  ^ef f  equ  Q2-2  (MHOS) 

C462 

Const  equ  Q202  (AMPS) 
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C526 

C527 

C528 

C529 

C530 

C531 

C532 

C533 

C534 

C535 

C565 

C566 

C567 

C568 

C569 

C570 

C571 

C575 

C576 

C577 

C578 

C579 

C580 

C581 

C604 

C605 

C606 

C607 

C608 

C609 

C610 

C611 

C612 

C613 

C614 

C615 

C616 

C617 

C618 

C619 

C620 

C621 

C622 

C623 

C800 


(EG-VC1)  coeff  equ  Q2-7  (MHOS) 

Const  equ  Q2-7  (AMPS) 

VC2  coeff  equ  Q2-8  (MHuS) 

(EG-VC1)  coeff  equ  Q2-8  (MHOS) 

Const  equ  Q2-8  (AMPS) 

(EG-VC1)  Coeff  equ  Q2-5  (MHOS) 

Const  Equ  Q2-5  (AMPS) 

VC2  coeff  equ  Q2-6  (MHOS) 

(EG-VC1)  coeff  equ  Q2-6  (MHOS) 

Const  equ  Q2-6  (AMPS) 

(EG-VC1)  coeff  equ  Q2-9  (MHOS) 

(VC2+VC4)  coeff  equ  Q2-9  (MHOS) 

Const  equ  Q2-9  (AMPS) 

VC2  coeff  equ  Q2-10  (MHOS) 

(EG-VC1)  coeff  equ  Q2-10  (MHOS) 

(VC2+VC4)  coeff  equ  Q2-10  (MHOS) 

Const  equ  Q2-10  (AMPS) 

(EG-VC1)  c o - f f  equ  Q2-11  (MHOS) 

(VC2+VC4)  coeff  equ  Q2-11  (MHOS) 

Const  equ  Q2-11  (AMPS) 

VC2  coeff  equ  Q2-12  (MHOS) 

(EG-VC1)  coeff  equ  Q2-12  (MHOS) 

(VC2+VC4)  coeff  equ  Q2-12  (MHOS) 

Const  equ  Q2-12  (AMPS) 

Const  equ  QIC  (AMPS) 

VC2  coeff  equ  Q-1C  (MHOS) 

Q3  collector  -  Q2  emitter  current  ratio 
AEQ2  comparison  constant  (AMPS) 

Reciprocal  of  capacitance  Cl  (VOLT/AMP  SEC) 
Reciprocal  of  capacitance  C2  (VOLT/AMP  SEC) 
Reciprocal  of  capacitance  C3  (VOLT/AMP  SEC) 
Reciprocal  of  capacitance  C4  (VOLT/AMP  SEC) 
AEQ2  coeff  equ  N10 
VV-EG+VC1  coeff  equ  N10  (MHOS) 

Emitter-base  current  ratio  -  Q4 
Locked  wheel  arming  speed  (IN/SEC) 

Locked  wheel  signal  detection  speed  (VOLTS) 
Locked  wheel  signal  current  (AMPS) 

VC2  coeff  equ  14  (MHOS) 

VC3  coeff  equ  N3  (MHOS) 

(EG-VC1)  coeff  equ  RIO  (MHOS) 

Const  equ  RIO  (AMPS) 

(VC3-VC2)  coeff  equ  VC4  (MHOS) 

Const  equ  VQ4  (AMPS) 

Constant  equ  VB  (VOLTS) 
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Variable  Descrip  tion 

C801  AEQ2  coeff  equ  VB  (OHMS) 

C802  Max.  valve  for  AEQ2  equ  Q2-tf  (AMPS) 

C803  AEQ2  coeff  equ  N8-3,  4.  7  &  8  (D1MLS) 

C804  (VC3+VC4)  coeff  equ  N? -1  to  N8-8  (MHOS) 

C805  Constant  equ  N8-3,  4>  7  &  S  (AMPS) 

C806  AEQ2  coeff  equ  N8-1,  2,  5  &  6  (DIMLS) 

C807  Constant  equ  N8-1,  2,  5  &  6  (AMPS) 

C808  AEQ2  coeff  equ  N8-7,  8,  11  &  12  (DIMLS) 

C809  (VC2+VC4)  coeff  equ  N8-5  to  :’8-12  (MHOS) 

C810  Constant  equ  N8-7,  8,  11  &  12  (AMPS) 

C811  AEQ2  coeff  equ  N8-5,  6,  9  &  10  (DIMLS) 

C812  Constant  equ  N8-5,  6,  9  &  10  (AMPS) 

VC1  Voltage  across  capacitor  Cl  at  time=0  (VOLTS) 

VC2  Voltage  across  capacitor  C2  at  time=0  (VOLTS) 

VC3  Voltage  across  capacitor  C3  at  time=0  (VOLTS) 

VC4  Voltage  across  capacitor  C4  at  time=0  (V(LTS) 

VC1  Capacitor  Cl  voltage  change  rate  (volts/sec) 

VC2  Capacitor  C2  voltage  change  rate  (volts/sec) 

VC3  Capacitor  C3  voltage  change  rate  (volts/sec) 

VC4  Capacitor  C4  voltage  change  rate  (volts/sec) 

EV  Anti -skid  valve  voltage  (VOLTS) 


Electrical  On-Off  Circuit 


Card  Columns 


1-10 

11-20 

21-30 

31-40 

41-50 

51-60 

Card 

VS 

C700 

C701 

C702 

C705 

C706 

A2 

C707 

C708 

C709 

C710 

C711 

VC1 

A3 

VC1 

EV 

A4 

Variable _ Description 


VS 

Supply  voltage  (volts) 

C700 

Skid  detection  threshold  current  (amps) 

C701 

(EG-VCl)  coeff  equ  V6  (MHOS) 

C702 

Const  equ  V6  (AMPS) 

C705 

Reciprocal  of  capacitance  Cl 
amp  sec) 

(volt/ 

C706 

(EG-VCl)  coeff  equ  R1  (MHOS) 

C707 

Const  equ  R1  (AMPS) 
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Variable 


Description 


C708  (EG-VC1)  coeff  equ  V2  (MHOS) 

C709  (EG-VCl)  coeff  equ  V4-1  (MHOS) 

C710  Const  equ  V4-1  (AMPS) 

C711  ABQ1  coeff  equ  V4-1  (DIMLS) 

VC1  Voltage  across  capacitor  Cl  at  time=0  (VOLTS) 

VC1  Capacitor  Cl  voltage  change  rate  (volts/sec) 

EV  Anti-skid  valve  voltage  (VOLTS) 


OUTPUT  DATA 

If  microfilm  output  data  is  expected,  indicate  ''16mm  print" 
on  job  sheet  and  write  "33-4020  PR"  under  Setups.  Only  the 
data  outputted  from  the  modules  will  be  microfilmed.  This 
data  is  printed  every  "P"  seconds  (see  Card  1)  of  the  total 
run  "R"  (see  Card  1).  The  internal  data  print  is  an  optional 
print,  after  the  outputted  data  print,  which  consists  of  data 
inside  a  particular  module,  not  outputted  to  other  modules. 

RESTRICTIONS  AND  ERRORS 

A.  Restrictions 

No  single  time  step  should  be  greater  than  the  run  time 
of  the  problem.  Each  time  step  should  be  greater  than 
zero.  The  internal  print  frequencies  may  be  zero,  but 
the  print  frequency  for  external  data  should  never  be 
zero. 


B,  Errors 

If  any  of  the  following  errors  occur,  a  message  giving 
the  error  number  will  be  printed  out. 


Error 


Explanation 


100  Microfilm  option  not  1,  2,  or  3 

101  Run  time  is  zero 

102  External  print  frequency  is  zero 

103  or  120  Brake  time  step  is  zero 

104  or  131  Hydraulic  time  step  is  zero 

105  or  125  Airplane  time  step  is  zero 

106  or  130  Wheel  and  tire  time  step  is  zero 

107  or  127  Wheel  speed  sensor  time  step  is  zero 
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108,  133  Control  system  time  step  Is  zero 
or  126 

109  or  128  Control  valve  time  step  is  zero 

110  or  160  Pitch  control  time  step  is  zero 

111  Airplane  runway  option  no*.  1  or  2 

112  Wheel  speed  sensor  option  not  1  or  2 

113  Number  of  points  for  nose  gear  airload 
curve  less  than  one  or  greater  than  20 

114  Number  of  points  for  nose  gear  damping 
curve  less  than  one  or  greater  than  20 

115  Number  of  points  for  main  gear  airload 
curve  is  less  than  1  or  greater  than  20 

116  Number  of  points  for  main  gear  damping 
curve  (ZSM  0)  less  than  1  or  greater 
than  20 

117  Hydraulic  option  is  not  1,  2,  or  3 


The  Simplified  Antiskid  Analysis  Procedure  Digital  Computer 
Program  Listing,  CDC  6600  Procedure  A6A,  follows. 
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I  INPUT, OUTPUT,  TAPES- INPUT,  TAPE  ^OUTPUT 
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EQUATION  16  A6AA118 

250  TEMP  -  PFB  *  SIGN(1.,XBD)  A6AA119 

PE  »  AMAX1  ( 0»  PB-PBO-TEMP  )  A6AA120 

A6AA121 
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EQUATION  27  A6AA157 

XFO  -  VF  /  12.0  A6AA158 

A6AA159 

EQUATION  21  A6AA16D 

XGDO  =  CFG  -  FBTI/WG  A6AA161 
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